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This thesis presents the results of three different studies conducted to elucidate the 
physiology and biochemistry of lead tolerance of Sesbania drummondii. These studies 
were conducted to determine: 1) the presence of an antioxidant mechanism in S. 
drummondii to counteract oxidative stress resulting from Pb exposure, 2) the extent of Pb 
tolerance of S. drummondii seedlings grown in the presence of Pb and synthetic chelators 
in soil and 3) the expression of antioxidant enzymes in S. drummondii seedlings exposed 
to Pb and synthetic chelators in aqueous media. 
In the first study, Sesbania drummondii plants were grown in soil containing 0-10 
g/kg Pb(N03)2 for 0-4 weeks, and were assessed for photosynthetic activity, growth, and 
Pb accumulation at each harvest. It was observed that S. drummondii seedlings were able 
to tolerate up to 10 g/kg Pb in soil with the only visible symptom of Pb toxicity being 
stunted growth. Photosynthetic efficiency of these plants remained unaffected. Plants 
were also grown in soil containing 7.5 g/kg Pb(N03)2in combination with chelators such 
as EDTA, DTPA, HEDTA, NTA and citric acid at concentrations of 0, 1.25, 2.5, 5 and 10 
mmol/kg. Plants suffered little or no effect on growth and photosynthetic activity. The 
greatest amount of plant growth was displayed by plants grown in the presence of 7.5 
g/kg Pb(N03)2and 10 mmol/kg citric acid. Accumulation of Pb in roots and shoots was 
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also determined. This study provides evidence for the efficacy of chelate application in 
combination with a large-biomass Pb accumulator plant in a phytoextraction strategy. 
In the second set of experiments, seedlings of Sesbania drummondii were exposed 
to 500 mg/L Pb(NOs)2 in presence and absence of EDTA, DTPA and HEDTA for 7-28 
days. Plants were assayed for metal-induced stress, which was indicated by increased 
activities of antioxidant enzymes such as ascorbate peroxidase (APX), guaiacol 
peroxidase (GPX), catalase (CAT), and superoxide dismutase (SOD). Growth in the 
presence of Pb resulted in a significant elevation in activities of APX, GPX, CAT and 
SOD, as well as glutathione (GSH) content. However, growth in the presence of 
chelators (with or without Pb) resulted in a decrease in activites of APX, GPX, CAT and 
SOD, as well as GSH content. Chlorophyll fluorescence kinetics was also assessed by 
determination of Fv/Fm and Fv/F0. Exposure to Pb alone and Pb + EDTA, Pb + DTPA, and 
Pb + HEDTA did not affect photosynthetic integrity (Fv/F0) and efficiency (Fv/Fm). 
However, plant growth was affected in presence of Pb. The results suggest that Sesbania 
plants were able to tolerate metal stress using an antioxidant defense mechanism and 
therefore maintain Photosystem II activity, required for plant metabolism and 
physiological functions. 
In the third set of experiments, changes in expression of antioxidant enzymes were 
investigated using several common protein expression assays. Sesbania drummondii 
seedlings were grown in the presence and absence of Pb and synthetic chelators (EDTA, 
DTPA, and HEDTA). Expression of the antioxidant enzymes APX and SOD was 
determined using Sesbania drummondii extracts obtained by homogenization in 
phosphate buffer. Expression of ascorbate peroxidase was monitored by means of native 
vii 
gel electrophoresis. Expression of proteins in plant cells was assessed by means of SDS-
PAGE. Western blotting was used to compare expression of MnSOD in plants grown in 
the presence and absence of Pb(NC>3)2. Although Western blotting was inconclusive due 
to the nonspecific binding of the antibody, SDS-PAGE stained with silver stain yielded a 
set of bands at approximately 30kDa in which plants exposed to Pb demonstrated greater 
expression of this protein, which may be one or more isoforms of SOD. 
Together, these three studies indicate that Sesbania drummondii may have 
potential in use for Pb phytoextraction of contaminated sites. 
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Chapter I 
General Introduction 
Environmental contamination by lead (Pb) and other metals is a serious 
environmental and human health problem, with Pb being the most widely distributed 
toxic metal on earth (Jarvis and Leung 2002). As a serious human health problem, Pb 
exposure has the potential to cause neurological impairments in millions of children. As 
an environmental problem, Pb contamination has the potential to render many square 
kilometers of soil unable to grow crops by causing harm to plants that attempt to grow in 
such soil. 
Contamination by Pb in the environment is widespread both in its distribution and 
in the variety of sources of Pb contamination. Lead contamination can be found around 
the world, on six out of seven continents (Ayodele and Abubakar 1998, Markus and 
McBratney 2001). In the Northern Hemisphere, Pb concentrations in soil between 800 
and 55000 ppm are not uncommon (Cao et al. 2000). Begonia et al. (1998) reported that 
there are over 1000 superfund sites in the US, with about 40% reporting problems with 
heavy metals. In the United States, a soil Pb concentration of 400 ppm is considered 
acceptable in residential areas (Huang and Cunningham 1996). Snakin and Prisyazhnaya 
(2000) observed that Pb pollution is still prevalent in the former Soviet Union, with 7.5 
adults per 100,000 showing symptoms of Pb toxicity and as many as 40% of children at 
risk. Other areas in Eastern Europe are also at risk, including Slovenia (Zupanic 1999). 
Another region where Pb contamination is a serious problem is in Nigeria, which is home 
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to several battery factories and smelters releasing Pb into the environment (Ayodele and 
Abubakar 1998, Oyedele et al. 1995, Onianwa and Fakayode 2000). Other contaminated 
sites in the Eastern Hemisphere include Hong Kong (Chan et al. 2000), Sydney, Australia 
(Liu et al. 19995), Jordan (Pyatt et al. 2002), Finland (Niemenin et al. 2002), and 
Prayonne, Belgium (Meerts et al. 2001). Ginnochio (2000) established that Pb 
contamination is present in South America. Lead contamination is a serious and 
widespread environmental concern. 
Environmental lead contamination exists in several forms that are of concern to 
human health. Several recent studies have also indicated that significant Pb 
contamination can occur in food, including wines (Rosman et al., 1998) and chocolate 
(Mounicou et al. 2003). In the case of wines, it was noted by Rosman et al. (1998) that 
vintages of French wine bottled prior to 1980 showed elevated concentrations of Pb. Pb 
concentrations in post-19 80 vintages were lower due to the elimination of leaded gasoline 
and improvements in wine-making equipment that resulted in greatly reduced Pb 
contamination (Rosman et al. 1998). Pb contamination in food is largely due to the fact 
that farms are generally located near roads, with roadside Pb contamination being higher 
in countries that still use tetraethyl lead as an antiknock agent in gasoline (Rosman et al. 
1998, Chan et al. 2000, Chin et al. 2000). After Pb has entered soil through leaded 
gasoline, it can still pose a health hazard even if stabilized in soil since loose soil can be 
easily converted to particulate matter through wind erosion (Lassat 2002). It has also 
been established that Pb can enter the food chain through biowaste compost, which often 
contains 30-100 ppm Pb (Veeken and Hamelers 2002). 
It has been established that Pb contamination originates from a number of sources. 
Isotopic analysis is often used to determine the source of the contamination (Rosman et 
al. 1998). Some environmental Pb contamination occurs naturally, such as in serpentine 
soils near ore veins. Rainwater can become another natural source of Pb contamination 
after absorbing contaminated particulate dust (Cabrera et al. 1995), and thus can provide 
direct access to Pb for living organisms. However, since the Industrial Revolution, the 
major sources of Pb contamination in the environment have been anthropogenic. Cao et 
al. (2003) estimated that for every ton of Pb removed from soil, 20 tons enter the soil as 
contamination. In the 20th century, the leading cause of environmental Pb contamination 
has been the use of tetraethyl Pb as an antiknock additive in gasolines (Chan et al. 2000, 
Snakin and Prisyazhnaya 2000). In the United States, leaded gasoline ceased to be a 
source of Pb contamination after the mid-1970s, when unleaded gasoline was phased in 
and replaced leaded gasoline in motor vehicles (Rosman et al. 1998), thus reducing the 
danger of airborne Pb exposure (Chan et al. 2000). In Hong Kong, leaded gasoline was 
phased out during the early 1990s (Chin et al. 2000). Other industrial sources of Pb 
contamination include smelters, particularly nonferrous smelters (Niemenin et al. 2002), 
battery disposal and recycling sites (Oyedele et al. 1995, Onianwa and Fakayode 2000), 
fertilizers (Lee et al. 2003) and biowaste disposal (Veeken and Hamelers 2002). One 
common nonindustrial source of Pb contamination is from lead bullets used in firearms, 
and this contamination is particularly severe at shooting ranges. The concern is that the 
Pb in bullets eventually degrades and becomes soluble in soil. It is estimated that in the 
U.S. alone, 3 million tons of Pb were used in this application alone in the past century 
(Cao et al. 2003). Lead contamination at shooting ranges is up to 10,000 times greater 
than that of surrounding soils, with Pb contamination in the soil correlating with the 
4 
number of bullets fired. Environmental conditions in Florida make Pb contamination 
from shooting ranges a particular concern, as high humidity and high temperatures make 
the soil a good Pb-transforming environment. However, since the bullet forms a 
protective layer of lead carbonates and sulfates during degradation, the process of bullet 
degradation can take 100-300 years (Cao et al. 2003). Certain soil conditions, such as 
soil aeration and acidity, can speed the breakdown of bullets. Once Pb enters soil, it 
becomes a persistent environmental concern (Begonia et al. 1998, Cao et al. 2003), and 
the only solution to Pb contamination is to remove it from contaminated soil (Raskin et 
al. 1997). 
There are many adverse effects resulting from Pb exposure in humans. The most 
common routes of exposure in humans are through occupational exposure and through 
accidental ingestion of paint chips and/or soil, particularly by children (Markus and 
McBratney 2001). It is believed that household pets may be reliable indicators of Pb 
contamination in the household environment, as correlations have been observed between 
concentrations of Pb in dogs living on contaminated land and Pb in soil (Berny et al. 
1994, Berny et al. 1995). Blood samples from the umbilical cord are considered to be 
another reliable indicator of prenatal Pb exposure, with cigarette smoke being a leading 
source of exposure in these cases (Reichrtova et al. 1998). When Pb enters the body, its 
target organ is hematopoetic tissues, particularly erythrocyte progenitor cells (Osterode et 
al. 1999). In mitochondria, Pb displaces Zn in and binds to S-aminolevulinic acid 
dehydratase (Bergdahl et al. 1998). This inhibition leads to a reduction in heme synthesis. 
Heme is a component of hemoglobin, myoglobin and cytochrome c (Lee 1981). Another 
target of Pb is the central nervous system, as Pb has been shown to increase translocation 
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of protein kinase C to membranes and thus increase its activity, therefore affecting the 
blood-brain barrier (Zhao et al. 1998). In light of this evidence, it should not be 
surprising that the most common symptoms in adults include fatigue, aching in distal 
parts of limbs, abdominal pain, and reduced nerve conduction (Lee 1981). Lead toxicity 
is a serious and potentially debilitating condition, but, fortunately, is easily treatable with 
chelation therapy. The most common forms of chelation therapy used to combat Pb 
toxicity are Ca-EDTA and meso-2,3-dimercaptosuccinic acid ("succimer"), which bind to 
Pb and allow excretion in the urine (Smith et al. 1994). 
However, despite the grave human and environmental health risks posed by Pb 
contamination, conventional methods used to remedy the environmental problem are 
surprisingly ineffective and expensive. The method most commonly used to remediate 
Pb contamination is to simply excavate and move the contaminated soil to another site 
(Raskin et al. 1997, Begonia et al. 1998, Elias and Gulson 2003). During excavation and 
reburial, it is common to stabilize the contaminated soil with cement (Huang and 
Cunningham 1996). The strategy of excavation and reburial is insufficient, as it only 
moves the problem (Khan et al. 2000). Deep tilling also may be useful to dilute Pb in soil 
(Khan et al. 2000). Other less commonly used strategies to remediate Pb contamination 
include soil flushing, pneumatic fracturing, solidification/stabilization, vitrification, 
electrokinetics, reduction/oxidation, and soil washing (Prasad 2003). These methods are 
expensive, thus an effective alternative and inexpensive methods are urgently needed. 
An alternative strategy to remediate environmental contamination is 
"bioremediation." Bioremediation involves the use of living organisms or remains of 
living organisms to detoxify environmental contaminants. Several systems have been 
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developed that use bacteria and other microbes to remove toxic contaminats from the 
environment (Jianlong et al. 2001, Leung et al. 2001, Bayramoglu et al. 2003, Deng et al. 
2003, Strauber et al. 2003, Yuan et al. 2004). To date, bacterial methods have been the 
most intensely studied, including Pseudomonas (Yuan et al. 2004), Rhodococcus 
erythropolis (Strauber et al. 2003), Escherichia coli (Deng et al. 2003), and Bacillus 
(Leung et al. 2001), with sulfur-reducing bacteria being intensely studied for their 
potential to remediate Pb contamination. In addition to bacteria, fungi have also been 
studied for their potential to remediate Pb contamination; these fungi include Aspergillus 
niger (Jianlong et al. 2001) and Trametes versicolor (Bayramoglu et al. 2003). Material 
for bioremediation is not restricted to living organisms, as dead materials such as nut 
shells have been examined for their potential to filter drinking water (Ahmedna et al. 
2004). Bioremediation provides a safer and less destructive alternative to methods 
currently used to clean environmental contamination. 
A particularly promising type of bioremediation that has been explored recently is 
that of phytoremediation, which involves using plants to either stabilize metals in soil or 
to extract them from soil. The concept of using plants to remove soil contamination was 
first popularized by Robert Brooks in 1983 (Robinson et al. 2003). The vast majority of 
phytoremediation schemes rely on transpirational mechanisms of plants to translocate 
toxic metals from roots to shoots. Although phytoremediation was originally promoted as 
a method to remove metal contaminants, it is also being investigated for its potential to 
remove organic contaminants (Robinson et al. 2003). Currently, there are several types of 
phytoremediation. One method with potential to improve soil fertility is 
phytostabilization, in which plant roots either directly bind contaminants or convert 
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readily bioavailable contaminants to non-bioavailable forms. These root systems would 
reduce the risk of soil leaching, control erosion, and allow for the development of aerobic 
environments within the rhizospheres (Robinson et al. 2003). Another strategy that relies 
on root absorption of contaminants is rhizofiltration, in which plants are placed in 
contaminated liquids and contaminants are allowed to bind to roots; afterwards, the entire 
plants can be removed from the solution, thus removing the contaminants from the liquid. 
Rhizofiltration has great potential to remediate industrial wastewater (Robinson et al. 
2003). However, the most promising phytoremediation strategy currently in development 
is phytoextraction, in which hyperaccumulator plant species absorb and translocate toxic 
metals to their aerial parts (Robinson et al. 2003). This strategy has enormous potential 
as it is the only remediation method known that can remove toxic metals without 
damaging the soil (Khan et al. 2002). Another major advantage of phytoextraction is that 
it is much less expensive than currently used methods. Whereas it can cost millions of 
dollars to remediate a hectare of contaminated soil using conventional methods 
(excavation/reburial, vitrification, soil washing, etc.), to remediate the same hectare using 
phytoextraction would only cost approximately 10,000 U.S. dollars (Begonia et al. 1998, 
Robinson et al. 2003). Additionally, if the plants used concentrate the metal to an 
appreciable degree, then the metal could be recovered and energy could be generated 
through ashing the harvested plants (Raskin et al. 1997, Herrera et al. 2003). In this case, 
even plants that die shortly after planting in contaminated soil may have value in a 
phytoextraction scheme, provided they have absorbed appreciable amounts of the metal 
of interest (Robinson et al. 1999). Phytoremediation, particularly phytoextraction, is a 
particularly promising strategy to combat Pb contamination in the environment (Sarret et 
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al. 2001). 
However, while phytoextraction offers the advantages of more effective removal 
of contaminants and lower cost, there are several disadvantages. The first disadvantage is 
that phytoremediation will succeed only at sites where, aside from the Pb contamination, 
soil conditions are favorable to plant growth; thus, soil conditions would affect the choice 
of plant species used. The second disadvantage is that since most plant roots penetrate 
less than one meter into the soil, phytoremediation strategies would likely be effective to 
remedy only shallow contamination. The third disadvantage to phytoremediation is that 
due to the small biomass of currently known Pb hyperaccumulators and relatively low 
tissue Pb concentrations in hyperaccumulator plants, only small amounts of Pb would be 
removed and thus phytoextraction schemes could take up to 20 years to fully remediate 
contaminated sites (Robinson et al. 2003). However, the most commonly voiced concern 
about phytoremediation is that since plants would translocate Pb into their aerial parts, Pb 
could be easily introduced into the food chain through herbivores (Robinson et al. 2003). 
However, despite these potential concerns, phytoremediation remains a highly promising 
technique to clean contaminated soil. 
The first and most obvious requirement for a Pb phytoremediation scheme is to 
identify plant species that can tolerate Pb toxicity and either stabilize or extract Pb from 
soil. Over 400 species have been identified that can hyperaccumulate heavy metals 
(Khan et al. 2000). Several plant species have been identified that are able to survive and 
grow despite soil contamination by Pb. Nearly all species that have been found to tolerate 
Pb and other heavy metals were originally discovered growing on sites heavily 
contaminated with metals (Faison 1997). Several of these have been demonstrated to 
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accumulate Pb at rates greater than those of Pb-intolerant plants. Thus, some of these, 
such as Euryale ferox and Enteromorphaflexuosa, have been studied as potential 
biomarkers of Pb contamination (Rai et al. 2002, Tabudravu et al. 2002). The best-known 
and most widely studied of these Pb-tolerant species is Indian mustard (Brassica juncea). 
This plant has been studied by a number of researchers for its ability to accumulate Pb 
from soil and from liquid medium. Another plant species that has gained recent attention 
as a hyperaccumulator of Pb is Sesbania drummondii (Sahi et al. 2002, Ruley et al. 2003), 
which will be described in greater detail in the following paragraphs. Other accumulators 
of Pb include Pelargonium spp. (KrishnaRaj et al. 2000), Helianthus annuus (Kirkham 
2000, Herrero et al. 2003), and Zea mays (Huang and Cunningham 1996). However, 
there have been relatively few field demonstations of phytoextraction to date (Robinson 
etal. 2003). 
However, if a plant is to be used in a Pb phytoextraction scheme, it must satisfy 
several criteria. The first and most obvious of these is that it must hyperaccumulate Pb, 
and preferably quickly. Hyperaccumulation is defined as uptake of >0.1% of plant dry 
weight in Pb (Chaney et al. 1997). Second, it is not enough to simply hyperaccumulate 
Pb in the roots; the plant must translocate Pb such that the Pb concentration in the shoots 
is >0.1%. Third, it must ideally attain a large biomass when mature (Blaylock et al. 1997, 
Sarret et al. 2001). Fourth, it must be able to tolerate high concentrations of Pb in soil 
(Chaney et al. 1997). Fifth, all else being equal, a perennial plant would be better than an 
annual plant as it would allow for repeated harvesting (Blaylock et al. 1997). 
Unfortunately, in the case of Pb phytoextraction, it should be noted that these criteria 
describe the ideal situation only, as no known Pb hyperaccumulator satisfies all of the 
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above criteria. 
Sesbania drummondii, native to the Southeast United States, has recently attracted 
attention as a hyperaccumulator of Pb. This plant is variously known as rattlebox 
drummond and rattlebush (Faison 1997, Cheepala 2003). Until it gained attention as an 
accumulator of Pb, S. drummondii was treated as an undesirable weed species toxic to 
domestic animals such as chickens and sheep, causing loss of nervous and smooth muscle 
function, cachexia and kidney damage (Boughton and Hardy 1939, Flory and Herbert 
1984, Venugopalan et al. 1984). It was observed that Sesbania extracts, notably 
sesbanine and Justicidin B, demonstrated efficacy against experimental leukemias 
(Powell and Smith 1981). Another anti-leukemic compound, sesbanimide, was isolated 
from Sesbania spp. (Kim et al. 1992). In 1997, it was observed that S. drummondii cells 
are able to accumulate Pb and Zn (Faison 1997). Later studies confirmed the ability of S. 
drummondii to remove and accumulate Pb from contaminated sites (Sahi et al. 1999, Sahi 
et al. 2002, Ruley et al. 2003). S. drummondii is a leguminous shrub with a mature height 
of 2-3m, and produces a mature shoot biomass of 10-20 tons/hectare (Lungu 2000). 
Since S. drummondii is not generally considered a useful plant, there is no systematic 
cultivation of this plant. In response to this need, a micropropagation system was recently 
developed in our laboratory (Cheepala et al. 2004). 
Although there are a handful of plant species capable of Pb hyperaccumulation, it 
has been observed that phytoextraction of Pb from soil presents several difficulties that 
are generally not presented during efforts to remove other undesired elements from soil. 
The greatest of these difficulties is that Pb is generally not easily available to plants in 
soil. This situation occurs because Pb tends to form insoluble complexes with 
carbonates, oxides, sulfides and phosphates (Blaylock et al. 1997, Cao et al. 2003). The 
result is that generally only about 0.1% of Pb is available to plants for uptake (Huang et 
al. 1997). The method most intensely investigated is the use of synthetic chelators such 
as ethylenediaminetetraacetic acid (EDTA), diethylenetriaminepentaacetic acid (DTPA), 
N-(2-Hydroxyethyl)ethylenediamine-triacetic acid (HEDTA), Citric acid, nitrilotriacetic 
acid (NTA), trans-l,2-Diaminocyclohexane-N,N,N',N'-tetraacetic acid (CDTA), and 
ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA) to solubilize 
soil-bound Pb and make it more available for plant uptake (Laurie et al. 1995, Blaylock et 
al. 1997, Huang et al. 1997, Raskin et al. 1997, Epstein et al. 1999, Chen et al. 2000, 
Kirkham 2000, Sarret et al. 2001, Geebelen et al. 2002, Lassat 2002). Laurie et al. (1995) 
noted that partial chelation can increase uptake of metals. Blaylock et al. (1997) observed 
that application of EDTA increased Pb uptake 120-140 fold in corn and peas. Epstein et 
al. (1999) recorded an increase in Pb uptake of approximately 100-fold in Brassica 
juncea upon application of EDTA. However, in the same study, it was determined that a 
soil concentration of 10 mmol/kg EDTA may be toxic to plants. Similar toxicity in 
Sesbania will be discussed in Chapter II. It was reported by Kirkham et al. (2000) that 
application of EDTA increased Pb uptake in Helianthus annuus plants treated with 
sewage sludge. It was also observed by Sarret et al. (2001) that EDTA increased Pb 
uptake five-fold in Phaseolus vulgaris. Geebelen et al. (2002) reported that the Pb-EDTA 
complex is the principal form taken up by plants. In addition to synthetic chelators, a 
variety of natural chelators, such as citrate, nicotianamine, phytochelatins and 
phytosiderophores are already used by some plant species to take up a variety of metals 
(Raskin et al. 1997, Khan et al. 2000, Schmiedeberg et al. 2003). However, one 
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frequently stated concern with chelate-assisted uptake of Pb is that it may solubilize Pb to 
a greater extent than is desirable and result in leaching into groundwater (Chen et al. 
2000, Lombi et al. 2000). Chelators such as EDTA can provide a low-cost method to 
increase Pb uptake in plants (Blaylock et al. 1997), but are not without their 
disadvantages. 
However, one of the primary difficulties arising during phytoextraction is that 
plant toxicity may occur due to toxic metals. It has been established by a number of 
researchers that various plant species experience oxidative stress when exposed to Pb and 
other heavy metals. Typically, metal ions undergo redox reactions within plant cells that 
result in the production of the superoxide anion (Briat 2002). Superoxide is a highly 
toxic reactive oxygen species, and is quickly scavenged by superoxide dismutase, or 
spontaneously degrades to hydrogen peroxide (Beauchamp and Fridovich 1971). 
However, this scavenging produces another reactive oxygen species, hydrogen peroxide. 
Hydrogen peroxide can spontaneously break down to the hydroxyl radical (• OH) (Rama 
Devi and Prasad 1998). The hydroxyl radical is the reactive oxygen species responsible 
for much of the oxidative damage observed in cells exposed to heavy metals. This 
reactive oxygen species is known to cause oxidative damage to lipids (Rama Devi and 
Prasad 1998), proteins (Desimone et al. 1996, Geebelen et al. 2002, Romero-Puertas et al. 
2002), and DNA (Desimone et al. 1996). In plants, the most notable effect of reactive 
oxygen species is found in oxidative modification of RUBISCO, an important enzyme in 
the light-independent cycle in photosynthesis (Desimone et al. 1996). These mechanisms 
of reactive oxygen species production and the oxidative damage they cause, as well as 
the antioxidant defenses used by plants to detoxify these reactive oxygen species, are 
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Figure 1. Suggested pathways of oxidative damage and detoxification of reactive 
oxygen species in plant cells. Pb interferes with 5-aminolevulinic acid dehydratase, and 
this interference leads to altered chlorophyll production. In turn this generates superoxide 
anion, which is scavenged by superoxide dismutase (SOD) to produce hydrogen peroxide 
(H2O2). Hydrogen peroxide is then scavenged in two pathways. Catalase (CAT) directly 
scavenges H2O2 to produce molecular oxygen and water. Peroxidases (PODs) can also 
combine H2O2 with various cellular oxygen sinks such as glutathione, ascorbate or 
guaiacol. However, if is not scavenged, then it can spotaneously degrade to hydroxyl 
radical (• OH), which can cause damage to membranes, DNA and proteins. (Adapted 
from Briat 2002, Geebelen et al. 2002, Gupta et al. 1993, and Desimone et al. 1996) 
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outlined in Figure 1. 
However, Pb also presents another danger to plants not generally presented by 
other toxic metals. Damage to plants arising from Pb exposure can also arise from a 
mechanism quite similar to that of Pb toxicity in humans. Lead is not redox active like 
many other toxic metals, but nevertheless, it does produce reactive oxygen species, albeit 
through a different mechanism (Geebelen et al. 2002). Lead affects chlorophyll synthesis 
through inhibition of 5 -aminolevulinic acid dehydratase (Geebelen et al. 2002). 
Inhibition of 5 -aminolevulinic acid dehydratase in turn affects photosynthetic activity of 
plants through a reduction in chlorophyll content. It has been noted that if a Pb-
accumulating plant can maintain photosynthetic activity while accumulating Pb, then it 
will survive and tolerate the Pb (Dan et al. 2000, KrishnaRaj et al. 2000). Monitoring of 
photosynthesis is likely to become important in order to assess metal toxicity during Pb 
phytoextraction (Cheng et al. 2002). In addition, inhibition of chlorophyll synthesis has 
been shown to promote the production of reactive oxygen species and induce the 
activities of antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), 
peroxidases (PODs), etc. (Xiong 1997, Geebelen et al., 2002). 
Taken as a whole, the primary effect of oxidative stress is that it can alter 
photosynthesis, leading to greatly reduced growth. If the resulting oxidative stress is 
severe enough, then this stress can result in cell death and subsequent death of plants 
(Huang et al. 1997). Most plant species cannot tolerate more than 30 ppm Pb in their 
tissues (Xiong 1997). High tissue concentrations of Pb lead to death of adult plants as 
well as a reduction in the germination rates of seeds (Ginocchio 2000). This increase in 
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death of intolerant plants results in changes to the local ecosystem, as has been observed 
in the seed banks at Prayonne, Belgium (Meerts et al. 2001). These seed banks are 
dominated by two Pb-tolerant species, Agrostis capillaris and Thlaspi caerulescens. It 
has been noted that soil fertility is usually greatly reduced around heavily contaminated 
sites such as battery factories and smelters (Oyedele et al. 1995, Ginocchio 2000, 
Onianwa and Fakayode 2000), and this area is commonly known as the "barrens" 
(Ginocchio 2000). Thus, Pb contamination has the potential to render large areas 
unsuitable for growing crops. 
In order to counteract oxidative damage to cells, many plant species increase 
expression and/or activity of antioxidant enzymes in order to protect themselves from 
oxidative stress caused by exposure to Pb and other heavy metals. The first enzyme 
produced in order to respond to oxidative stress is superoxide dismutase (SOD). SOD 
converts superoxide anion to hydrogen peroxide (Beauchamp and Fridovich 1971, Gupta 
et al. 1993). SOD is essential in defense against oxidative damage, and is widely 
distributed among aerobic organisms (Beauchamp and Fridovich 1971). SOD exists in 
two dominant isoforms: Cu/ZnSOD and MnSOD (Gupta et al. 1993). After the 
conversion of superoxide to hydrogen peroxide, H2O2 is scavenged directly by catalase 
(CAT), which converts it to water and molecular oxygen. Peroxidases also scavenge 
H2O2 indirectly by combining it with antioxidant compounds such as ascorbate and 
guaiacol (Gupta et al. 1993; Xiong 1997; Rama Devi and Prasad 1998). Many of the 
substrates of peroxidases are cycled in the cell for reuse as oxygen sinks. For example, 
when ascorbate is oxidized by ascorbate peroxidase, an enzyme known as 
monodehydroascorbate reductase reduces monodehydroascorbate to ascorbate, thus 
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maintaining the amount of ascorbate in the cell for antioxidant defenses. Another enzyme 
used by plant cells to maintain antioxidant activity is glutathione reductase, which 
replenishes glutathione by reducing oxidized glutathione (Briat 2002). Plants have 
evolved a sophisticated set of defenses against metal-induced oxidative stress. 
To date, there have been relatively few studies conducted to determine whether 
known metal hyperaccumulators experience oxidative stress as a result of 
hyperaccumulation of metals. The most prominent of these studies is that of Schickler 
and Caspi (1999), who observed that Ally sum argentum plants exposed to Ni did not 
exhibit a typical antioxidant defense. Another notable study in this area is that of 
Boominathan and Doran (2003), who demonstrated that endogenous activity of catalase is 
relatively high in Thlaspi caerulescens, and is responsive to induction by both Cd and 
H2O2. Since the hyperaccumulator plants assessed for oxidative stress so far have shown 
inconsistent expression and activity of antioxidant enzymes, oxidative stress in 
hyperaccumulator plants is an area in which further study is needed. 
Additionally, no studies have been conducted to determine the extent to which 5. 
drummondii can tolerate or accumulate in high soil concentrations of Pb. It was 
determined by Sahi et al. (2002) that S. drummondii can tolerate up to 1,000 mg/L 
Pb(NCb)2 in hydroponic medium. The same study also determined that addition of EDTA 
increased Pb uptake by approximately 20%. 
The purpose of the experiments described in this thesis is to answer two questions 
that arose as a result of earlier studies in Sesbania drummondii. The first question is that 
of how much Pb Sesbania drummondii can tolerate and accumulate if grown in soil. The 
second question concerns whether Sesbania drummondii plants suffer oxidative stress as 
a result of Pb exposure and uptake. The objectives of the three studies described in the 
following chapters are to: 1) determine the extent of Pb tolerance of Sesbania 
drummondii in soil by measuring chlorophyll a fluorescence of seedlings grown in the 
presence of varying concentrations of Pb and synthetic chelators, 2) determine activities 
of antioxidant enzymes in Sesbania drummondii plants exposed to Pb and to synthetic 
chelators in aqueous medium and compare photosynthetic activities of those same plants, 
3) examine expression of the genes coding for antioxidant enzymes in S. drummondii. 
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Chapter II 
Growth, Photosynthetic Activity and Pb Uptake of Sesbania 
drummondii in Soil Containing Pb and Synthetic Chelators 
Abstract 
In the present study, Sesbania drummondii plants were grown in soil containing 0-
10 g/kg Pb(N03)2for 0-4 weeks, and were assessed for photosynthetic activity, growth, 
and Pb accumulation at each harvest. It was observed that S. drummondii seedlings were 
able to tolerate up to 10 g/kg Pb(NC>3)2 in soil with the only visible symptom of Pb 
toxicity being stunted growth. Photosynthetic efficiency of these plants remained 
unaffected. Plants were also grown in soil containing 7.5 g/kg Pb(NC>3)2in combination 
with chelators such as EDTA, DTPA, HEDTA, NTA and citric acid at 0, 1.25, 2.5, 5 and 
10 mmol/kg. Plants suffered little or no effect on growth and photosynthetic activity. 
The most pronounced increase in plant growth compared to controls was displayed by 
plants grown in the presence of 7.5 g/kg Pb(NC>3)2 and 10 mmol/kg citric acid. 
Accumulation of Pb in roots and shoots was also determined. This study provides 
evidence for the efficacy of chelate application in combination with a large-biomass Pb 
accumulator plant in a phytoextraction strategy. 
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Introduction 
Environmental contamination by lead (Pb) and other metals is a serious 
environmental and human health problem, with Pb being the most widely distributed 
toxic metal on earth (Jarvis and Leung 2002). Lead contamination can be found around 
the world (Ayodele and Abubakar 1998, Markus and McBratney 2001). Begonia et al. 
(1998) reported that there are over 1,000 superfund sites in the US, with about 40% 
reporting problems with heavy metals. Some environmental Pb contamination occurs 
naturally, such as in serpentine soils near ore veins. However, since the Industrial 
Revolution, the major sources of Pb contamination in the environment have been 
anthropogenic. In the 20th century, the leading cause of environmental Pb contamination 
has been the use of tetraethyl Pb as an antiknock additive in gasolines (Chan et al. 2000, 
Snakin and Prisyazhnaya 2000). 
However, despite the grave human and environmental health risk posed by Pb 
contamination, conventional methods used to remedy the problem are surprisingly 
ineffective and expensive. The method most commonly used to remediate Pb 
contamination is to simply excavate and move the contaminated soil to another site 
(Begonia et al. 1998, Khan et al. 2000, Elias and Gulson 2003). The strategy of 
excavation and reburial is insufficient, as it only moves the problem (Khan et al 2000). 
Thus, a more effective solution is needed to control the problem of Pb contamination. 
Recent studies conducted on Sesbania drummondii have indicated that this plant 
has a high tolerance for Pb (Sahi et al. 2002, Ruley et al., 2003). These studies indicated 
that Sesbania drummondii can accumulate up to 4% of its dry weight in Pb under 
hydroponic conditions, and possesses antioxidant defense mechanisms to prevent Pb 
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toxicity. 
Although there are a handful of plant species capable of Pb hyperaccumulation, it 
has been observed that phytoextraction of Pb from soil presents several difficulties that 
are generally not presented during efforts to remove other undesired elements from soil. 
The greatest of these difficulties is that in soil, Pb is generally not readily available to 
plants. This situation occurs because Pb tends to form insoluble complexes with 
carbonates, oxides, sulfides and phosphates (Blaylock et al. 1997, Cao et al. 2003). 
Complexation in soil results in low availability of Pb (0.1%) to plants for uptake (Huang 
et al. 1997). The method most intensely investigated is to use synthetic chelators such as 
ethylenediaminetetraacetic acid (EDTA), diethylenetriaminepentaacetic acid (DTPA), N-
(2-Hydroxyethyl)ethylenediamine-triacetic acid (HEDTA), Citric acid and nitrilotriacetic 
acid (NTA) (Laurie et al. 1995, Blaylock et al. 1997, Huang et al. 1997, Raskin et al. 
1997, Epstein et al. 1999, Chen et al. 2000, Kirkham 2000, Sarret et al. 2001, Geebelen et 
al. 2002, Lassat 2002). It has been observed that application of synthetic chelators to soil 
can greatly increase both the solubility in soil and uptake of Pb by plants. Laurie et al. 
(1995) noted that partial chelation can increase uptake of metals. Blaylock et al. (1997) 
observed that application of EDTA increased Pb uptake 120- to 140-fold in corn and peas. 
Epstein et al. (1999) recorded an increase in Pb uptake of approximately 100-fold in 
Brassica juncea upon application of EDTA. It was reported by Kirkham (2000) that 
application of EDTA increased Pb uptake in Helianthus annuus plants treated with 
sewage sludge. Sarret et al. (2001) observed that EDTA increased Pb uptake five-fold in 
Phaseolus vulgaris. Geebelen et al. (2002) reported that Pb-EDTA is the principal form 
taken up by plants. In addition to synthetic chelators, a variety of natural chelators, such 
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as citrate, nicotianamine, phytochelatins and phytosiderophores are already used by some 
plant species to take up a variety of metals (Raskin et al. 1997, Khan et al. 2000, 
Schmiedeberg et al. 2003). 
However, among the primary difficulties arising during any phytoextraction 
scheme to remove toxic metals is plant toxicity. It has been established by a number of 
researchers that various plant species experience stress when exposed to Pb and other 
heavy metals. Lead affects chlorophyll synthesis through inhibition of 5-aminolevulinic 
acid dehydratase (Geebelen et al. 2002), thus reducing photosynthetic activity of plants. 
It has been noted that if a Pb-accumulating plant can maintain photosynthetic activity 
while accumulating Pb, then it will survive and tolerate the Pb (Dan et al. 2000, 
KrishnaRaj et al. 2000). Monitoring of photosynthesis is likely to become important in 
order to assess metal toxicity during Pb phytoextraction (Cheng et al. 2002). If the 
resulting stress is severe enough, then this stress can result in plant death and subsequent 
loss of vegetation (Huang et al. 1997). Most plant species cannot tolerate more than 
30 mg/kg Pb in their tissues (Xiong 1997). High tissue concentrations of Pb results in 
death of adult plants as well as a reduction in the germination rates of seeds (Ginocchio 
2000). 
The hypotheses under consideration in this study are that Sesbania drummondii 
seedlings can tolerate high soil concentrations of Pb (up to 1%), and that supplementation 
with synthetic and naturally occurring chelators increases shoot translocation without 
causing significant harm to plants. In order to test these hypotheses, plants were grown in 
various concentrations of Pb with and without synthetic chelators and assessed for 1) 
photosynthetic activity, 2) growth, 3) biomass, and 4) Pb uptake. 
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Materials and Methods 
Seed Preparation 
Seeds were prepared and planted according to the method of Sahi et al. (2002). 
Seeds were scarified in 85% H2SO4 for 35 min, rinsed for 30 min, sterilized in 0.1% 
HgCh, and rinsed for 10 min. After sterilization, seeds were planted into trays containing 
peat moss and vermiculite. Twenty-one days after planting, seedlings were transferred to 
individual pots containing 60% topsoil (silty loam type soil, collected from the Western 
Kentucky University farm), 40% sand (w/w), supplemented with different concentrations 
ofPb(N03)2 or synthetic chelators as described below. After transplantation into 
individual pots, plants were watered as needed until harvest as described below. 
Lead tolerance and Uptake 
In order to determine the ability of Sesbania drummondii to tolerate and 
accumulate high concentrations of Pb, seedlings were planted in pots containing 0, 5, 7.5, 
and 10 g/kg Pb(NOs)2. Twenty-five seedlings were grown in each treatment group. At 
weeks 1, 2, 3 and 4, plants were harvested, assessed for photosynthetic activity, measured 
for growth by means of shoot length, root length, shoot weight and root weight (after 
plants were removed from soil), and assayed for Pb uptake as described below. 
Comparison of Chelators 
In order to determine the effects of synthetic chelators on Pb absorption by roots 
and translocation to shoots, seedlings were grown in the presence of Pb and the synthetic 
chelators (EDTA, DTPA, HEDTA, NTA, citric acid, and acetic acid). Each experimental 
group consisted of 15 seedlings treated with 7.5 g/kg Pb(NC>3)2 and synthetic chelators in 
the concentrations 10, 5, 2.5, 1.25 and 0 mmol/kg. For each experimental group, controls 
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were planted without Pb(N03)2 and containing the same concentration of synthetic 
chelator. Plants were assessed for photosynthetic activity, measured for length and weight 
and harvested. At this time, plants grown in the presence of Pb were subjected to Pb 
analysis as described below. 
Photosynthetic Assays of Plants and Their Pb Uptake 
Plants were harvested at the times mentioned above. Prior to removal from soil, 
photosynthetic activities of seedlings were measured. Plants were assessed for 
photosynthetic activity by measuring chlorophyll a fluorescence parameters. This was 
performed by using the Handy-PEA instrument (Hansatech Instruments, UK). Plants 
were dark-adapted for 30 min and then given a Is pulse of red light. The following 
fluorescent parameters were measured: F0, the minimum chlorophyll a fluorescence after 
the dark-adaptation, and Fra, the maximum fluorescence after the pulse of red light. From 
these two measurements the Fv (the variable fluorescence calculated as the difference 
between the minimal and maximal fluorescence), Fv/Fm (the ratio of variable to maximal 
fluorescence) and Fv/F0 (the ratio of variable to minimal fluorescence) values were 
calculated. 
After estimation of photosynthetic activity, roots and shoots were separated and 
lengths were measured. Following measurement of length, seedlings were weighed and 
subjected to Pb analysis by ICP-MS as described by Sahi et al. (2002). Seedlings were 
rinsed three times with distilled water and air-dried. Samples were weighed and placed 
into a 15 ml screw capped Teflon beaker. Concentrated HNO3 (3 ml) was added to the 
sample, and the beaker was placed on a hot plate at a temperature of 100°C overnight, 
and the contents were then evaporated to dryness. Samples were allowed to cool and 
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mixed gravimetrically with 2% HNO3 to a volume of 20ml. The ICP-MS analysis was 
carried out using external calibration procedure, and Y (0.1 ppm) was used as an internal 
standard to correct for drift and matrix effect (Sahi et al. 2002) 
Statistical Analysis 
All statistical analyses were performed using SYS TAT 9 for Windows 95. Growth 
measurements, photosynthetic measurements, and enzyme activities were the means of 6 
samples taken from 2 experiments; 3 replicates were taken in each experiment. The 
analysis of variance (ANOVA) appropriate for the design was carried out to detect the 
significance of differences (p<0.05) among the treatment means and Tukey HSD post hoc 
test was performed to compare among the groups for significant differences. 
Results 
Effects of Pb on Photosynthetic Activity of Sesbania 
Figure 1 compares photosynthetic activities of Sesbania plants grown in the 
presence of varying concentrations of Pb(NOs)2. In Figure 1A, Fv/Fm ratios of plants 
treated with Pb(NC>3)2 are compared with those of controls [in the absence of Pb(N03)2]. 
Fv/Fm ratios of control plants increased significantly during the first three weeks (from 
0.85 to 0.86), then dropped to 0.845 during the fourth week. Treatment with 
concentrations of Pb(NC>3)2 less than 10 g/kg did not significantly affect Fv/Fm ratios of 
Sesbania seedlings (p>0.05). However, growth in the presence of 10 g/kg PbfNO^ 
resulted in a significant decrease in F v /Fm ratios at 1, 3 and 4 weeks compared to controls 
(p<0.05). In Figure IB, Fv/F0 ratios of plants grown in the presence of Pb(N03)2 are 
compared with those of controls. Fv/F0 ratios of controls followed a rather flat trend, only 
being significantly depressed in week 4 (p<0.05). The only significant (p<0.05) deviation 
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from Fv/Fo ratios of controls occurred in plants grown in the presence of 10 g/kg Pb(N03)2 
at weeks 3 and 4. 
Effects of Pb on Plant Growth 
Figure 2A compares shoot length of Sesbania plants grown in the presence of 
various soil concentrations of Pb(NC>3)2. Shoot lengths of controls remained steady 
through the first week and then increased steadily and significantly during the next two 
weeks (p<0.05), and growth slowed slightly at week four. However, plants grown in the 
presence of Pb(NC>3)2 did not show the same rate of growth, and plants exposed to Pb 
(NC>3)2 at all concentrations demonstrated significantly reduced shoot length compared to 
controls (p<0.05) beginning at week 2 and continuing to the end of the experiment. In 
Figure 2B, root length of control plants grown in the presence and absence of Pb(N03)2 
demonstrated a less consistent pattern of root growth than they did in the case of shoot 
growth. Root lengths of controls started at 16 cm and did not increase or decrease 
significantly (p>0.05) during the course of the experiment. Root growth of control plants 
remained steady through the first two weeks, then at weeks 3 and 4 was significantly 
higher than at week 0 (p<0.05). At the same time, however, root lengths of plants treated 
with different concentrations of Pb(N03)2 fluctuated greatly from week to week. Root 
lengths of plants exposed to 5 g/kg Pb(NC>3)2 increased insignificantly during week 1 
(p>0.05), and afterwards steadily decreased until at four weeks, roots were significantly 
shorter than they were at week one (p<0.05). Root lengths of plants treated with 7.5 g/kg 
Pb(NC>3)2 remained steady, not changing significantly from week to week (p>0.05), until 
the fourth week, when observed root lengths decreased significantly (p<0.05). Root 
lengths of plants treated with 10 g/kg Pb decreased significantly during the first two 
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weeks (p<0.05), and afterwards did not change significantly from week to week (p>0.05). 
Figure 3 depicts the effect of different concentrations of Pb(NOs)2 exposure on 
plant growth, as shown by shoot and root weight. Figure 3 A shows that growth in the 
presence of Pb(NC>3)2 resulted in a decrease in shoot weight. Shoot weights of control 
plants remained steady during the first two weeks of growth, not decreasing significantly 
(p>0.05), then increased significantly during the third week (p<0.05) and remained there 
until the end of the experimental period. At the same time, shoot weights of plants grown 
in 5 g/kg Pb(N03)2 fluctuated slightly until four weeks, and plants demonstrated 
significantly lower shoot weight than did controls (p<0.05), while plants treated with 7.5 
g/kg and 10 g/kg Pb(N03)2 showed significantly less shoot mass than did plants treated 
with 5 g/kg Pb(N03)2 and control (p<0.05). In Figure 3B, plants grown in the presence of 
Pb(N03)2 exhibited a significant reduction in root mass compared to controls at all 
concentrations of Pb tested. Root mass of plants grown in the presence of Pb, however, 
showed a more consistent pattern, decreasing significantly during the first two weeks 
(p<0.05), increasing significantly at week 3 (p<0.05), and decreasing at week 4 to the 
same level as at week 2. 
Uptake of Pb by Sesbania seedlings 
Figure 4 illustrates the relationship between the amount of Pb(NC>3)2 in the soil 
and the amount of Pb taken up by Sesbania plants. Root Pb was strongly influenced by 
the amount of Pb(NC>3)2 in the soil (Figure 4A). Plants grown in soil supplemented with 
Pb(NC>3)2 demonstrated significantly elevated root absorption of Pb compared to controls 
(p<0.05). Plants grown in soil supplemented with 5 g/kg and 7.5 g/kg Pb(N03)2 both 
absorbed over 1,000 ppm in roots by week 2 and remained steady until the end of the 
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experiment. At the same time, root Pb content in plants grown in 10 g/kg Pb(N03)2 
showed an even more pronounced upward trend, with plants absorbing as much as 1800 
ppm Pb and root Pb in these plants being significantly higher than in 5 g/kg or 7.5 g/kg 
plants until week 4 (p<0.05). A somewhat different trend emerges in the case of shoot Pb 
concentration (Figure 4B). As expected, the amount of Pb taken into the shoots was 
directly related to the amount of Pb(N03)2 in the soil. However, while significant shoot 
translocation occurred at one week, the concentration of Pb in the shoots began to 
decrease after the first week, and by week four had decreased significantly in all plant 
groups from week one to week four (p<0.05). 
Effects of Chelated Pb on Photosynthesis 
Figure 5 presents the Fv/Fra ratios of Sesbania drummondii seedlings grown in the 
presence of 7.5 g/kg Pb(N03)2 and synthetic chelators. Fv/Fm ratios of plants grown in the 
presence of Pb(N03)2 and synthetic chelators were not significantly affected by exposure 
to Pb(NC>3)2 + chelators (p>0.05). The notable exceptions to the above-mentioned pattern 
occurred at two weeks in plants exposed to Pb(N03)2 +10 mmol/kg HEDTA and Pb(NC>3) 
2+10 mmol/kg NTA; however, these plant groups showed normal Fv/Fm ratios (>0.8) at 
four weeks. On the other hand, control plants (lacking Pb supplementation) only grown 
in the presence of chelators demonstrated a different pattern of Fv/Fm ratios. Plants grown 
in the presence of only EDTA were the most severely affected, with plants grown in the 
presence of 5 or 10 mmol/kg not surviving until 4 weeks and with plants grown in the 
presence of 10 mmol/kg HEDTA surviving less than 2 weeks and thus showing Fv/Fm 
ratios of zero (Figure 5B). In other cases, plant Fv/Fm ratios seemed to be normal (>0.8). 
Figure 6 illustrates the effect of Pb and synthetic chelators on photosynthetic 
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activities of plants, as measured by Fv/F0 ratios. In the majority of cases, Fv/F0 ratios were 
at or above 4.0; the only treatment group that presented a differing result was in the case 
of 10 mmol/kg HEDTA at two weeks. This plant group recovered to 5.0 by week four 
(Figure 6A). However, Fv/F0 ratios of plants grown in the presence of only synthetic 
chelators present a different picture (Figure 6B), with plants grown in the presence of 5 or 
10 mmol/kg EDTA not surviving until 4 weeks and with plants grown in the presence of 
10 mmol/kg HEDTA surviving less than 2 weeks and thus showing Fv/F0 ratios of zero. 
Effects of Chelated Pb on Plant Growth 
Figure 7 shows the effect of Pb(NOs)2 and synthetic chelators on plant growth, as 
shown by shoot length. In Figure 7A, it was observed that treatment with Pb + DTPA, Pb 
+ NTA or Pb + citric acid at any concentration resulted in significantly increased shoot 
length relative to controls (p<0.05), the only exception to this being plants treated with Pb 
+ 2.5 mmol/kg citric acid (p>0.05). Other plant groups treated with Pb did not display 
significantly greater shoot length (p>0.05) than did controls grown in the presence of only 
Pb; plants treated with Pb + 5 mmol/kg HEDTA or Pb + 10 mmol/kg HEDTA displayed 
significantly shorter shoots (p<0.05) than did controls (Pb(NOs)2 only). In the case of 
controls (Figure 7B), significantly increased shoot growth (p<0.05) occurred in the case 
of HEDTA (1.25 and 2.5 mmol/kg only), NTA (1.25 mmol/kg), and citric acid (1.25 
mmol/kg). However, significantly reduced shoot length (p<0.05) was observed in the 
case of plants treated with HEDTA (10 mmol/kg) and citric acid (10 mmol/kg). 
Figure 8 compares root length of Sesbania plants grown in the presence of 
Pb(N03)2 and synthetic chelators. Figure 8A depicts root length of Sesbania plants grown 
in the presence of Pb and chelators. It was observed that five plant groups demonstrated 
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root lengths that were significantly lower than those of controls (p<0.05). These plant 
groups were treated with DTPA (5 mmol/kg), NTA (2.5 and 10 mmol/kg), and citric acid 
(1.25 and 2.5 mmol/kg). At the same time, roots of plants grown in soil containing 5 or 
10 mmol/kg citric acid were significantly greater than those of controls (p<0.05). 
Otherwise, root lengths of plants in other plant groups treated with Pb and chelators did 
not differ significantly from controls (p>0.05). In the case of controls (Figure 8B), it was 
observed that at four weeks only three plant groups demonstrated root length that was 
significantly different from that of controls (p<0.05). The three plant groups that showed 
significantly reduced root length (p<0.05) were plants grown in the presence of Pb + 2.5 
mmol/kg EDTA, Pb + 10 mmol/kg EDTA or Pb + 10 mmol/kg HEDTA. Other plant 
groups did not show significantly increased or decreased root length (p>0.05). 
Shoot weights of Sesbania plants grown in the presence of Pb(N03)2 and synthetic 
chelators are shown in Figure 9. Growth in the presence of both Pb and chelators resulted 
in significantly greater shoot weights (p<0.05) at four weeks in nearly all treatment 
groups; at four weeks, the only exceptions to this trend were plants treated with 10 
mmol/kg HEDTA or 2.5 mmol/kg citric acid (Figure 9A). It was also noted that in the 
case of treatment with HEDTA or NTA, the concentration of chelator influenced shoot 
weight of plants. Plants treated with Pb + 10 mmol/kg demonstrated significantly 
reduced shoot weight relative to 1.25, 2.5 or 5 mmol/kg HEDTA (p<0.05). A similar 
trend was observed in the case of NTA, with plants grown in the presence of Pb and 5 or 
10 mmol/kg NTA showing significantly lower shoot weight than plants treated with 1.25 
or 2.5 mmol/kg NTA (p<0.05). However, the opposite trend was noted in the case of 
citric acid, with plants grown in the presence of 5 or 10 mmol/kg citric acid growing 
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significantly heavier shoots than those treated with 1.25 or 2.5 mmol/kg (p<0.05). 
Figure 10 demonstrates that root weight in Sesbania was generally higher upon 
exposure to both Pb(NC>3)2 and synthetic chelators than with either Pb or chelators alone. 
Plants grown in the presence of Pb + chelators demonstrated significantly increased root 
weight (p<0.05), except in the case of Pb + NTA (5 or 10 mmol/kg) or Pb + citric acid 
(1.25 or 2.5 mmol/kg). In the case of chelator controls, it was observed that growth in the 
presence of EDTA and HEDTA affected root weight in a dose-dependent manner, with 
more stunting noted at higher concentrations (Figure 10B). In other chelator control 
groups, root weights were either not significantly different from controls (p>0.05), as in 
the case of DTPA, or significantly higher (p<0.05), as in the case of NTA or Citric acid. 
Uptake of Chelated Pb 
Figure 11A compares Pb concentrations in shoots of Sesbania seedlings grown in 
the presence of Pb and chelators. In this figure, three distinct trends emerge. The first is 
that application of any chelator, at any concentration, resulted in an increase in 
translocation of Pb. The second is that in the case of all chelators except citric acid, the 
effect of chelators was directly related to the concentration of chelator, with the shoot Pb 
concentration increasing with each increase in chelator concentration. The third is that 
the effect was dependent on the chelator used. It was observed that chelators increased 
Pb uptake in the order EDTA > HEDTA > DTPA > NTA> citric acid. Figure 1 IB shows 
root Pb concentrations in plants grown in the presence of Pb and synthetic chelators. It 
was observed that in the presence of any of the chelators tested, at any concentration, Pb 
absorption in the roots was significantly higher than in plants grown in the presence of Pb 
without chelators. It was also noted that in the cases of HEDTA and NTA, the 
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concentration of Pb in the roots increased as the concentration of chelator increased. 
However, unlike in Figure 11 A, there are fewer consistent trends in the Pb 
concentrations. 
Discussion 
Figures 1 through 4 demonstrate that growth in the presence of Pb(NC>3)2 at 
concentrations of up to 10 g/kg does not severely affect the health of Sesbania 
drummondii seedlings. In Figure I, it was shown that photosynthetic activity of plants 
treated with Pb(N03)2 at concentrations of up to 10 g/kg was not indicative of Pb damage 
to the plants. Threshold values have been established for Fv/Fm and Fv/F0 ratios of plants 
exposed to toxic metals. An Fv/Fm value of 0.8 or higher indicates that the plant is healthy 
and not suffering photosynthetic stress as a result of Pb uptake (Dan et al. 2000). Since 
the Fv/Fm values of plants treated with 0-10 g/kg Pb(NC>3)2 were never observed to be 
below 0.8, it can be inferred that the overall health of plants treated with varying 
concentrations of Pb was not affected. At the same time, an Fv/F0 value of 4.0 or greater 
indicates a healthy plant not suffering stress (Dan et al. 2000), and since none of the Fv/F0 
values measured among plants treated with Pb(NC>3)2 were less than 4.0, it can be 
concluded that the health of the plants was not affected by Pb treatment. While in Figures 
2 and 3, growth was affected in the presence of Pb(N03)2 (at all levels of Pb treatment), 
this decrease in growth should be weighed against the high Fv/Fm and Fv/F0 ratios 
displayed by the plants. An inconsistent dose-dependency was observed between Pb 
treatment and stunting of growth, suggesting the presence of one or more tolerance 
mechanisms used by the plants to maintain photosynthetic activity and growth. Figure 4 
provides some interesting insights into the mechanism(s) for Pb uptake by Sesbania 
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drummondii. Since root Pb did not change significantly after week 1 (p>0.05), it appears 
that the roots reached a saturation point, which also affected shoot translocation and 
explained the observation that shoot Pb declined significantly after week 1 (p<0.05). The 
overall conclusion to be drawn from the above is that S. drummondii is able to tolerate up 
to 10 g/kg Pb(N03)2 in soil. However, while plants were able to tolerate and take up Pb 
in soil Pb(NC>3)2 concentrations of up to 10 g/kg, plants treated with 15 g/kg Pb(NC>3)2 
were not able to tolerate this concentration of Pb, and died before the photosynthetic 
parameters, growth or Pb uptake could be measured. 
Figures 5 through 10 indicate that application of chelators, both natural and 
synthetic, to soil supplemented with Pb(NC>3)2, did not greatly affect the overall health of 
Sesbania plants. In Figure 5B, only plants treated with Pb + 10 mmol/kg HEDTA were 
less than 0.8; plants in this treatment group had all died before photosynthetic activities 
could be measured. Since Fv/Fm ratios of plants in all other groups were at or above 0.8, 
plants in these groups did not experience a depression in photosynthetic activity. A 
similar conclusion can be drawn from Figure 6, in which all plants except those exposed 
to Pb + 10 mmol/kg HEDTA displayed Fv/Fm ratios of 4.0 or greater, indicating that these 
plants were healthy and not suffering photosynthetic stress from Pb uptake (Dan et al. 
2000). It was interesting to observe that while plants treated with both Pb and chelators 
translocated up to 50 times more Pb into their shoots than plants not treated with 
chelators, their growth was actually significantly higher (p<0.05). Growth in the presence 
of both Pb and chelators resulted in decreased shoot length only in the case of 5 and 10 
mmol/kg HEDTA. At the same time, it can be inferred that HEDTA is somewhat toxic to 
Sesbania plants, as 10 mmol/kg HEDTA in the absence of Pb resulted in significantly 
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reduced shoot length (Figure 7). A similar effect was recorded in root lengths in the same 
groups of seedlings (Figure 8). The most dramatic effect of Pb + chelator was noted from 
measurements of plant weights. Shoot and root masses were significantly higher than in 
controls grown in the absence of chelators, both with and without Pb (Figures 9 and 10). 
The observations of the present study indicate a protective role for chelating agents such 
as EDTA. A similar effect is described in Chapter III, where it is noted that application of 
chelators mitigated the increase in activities of antioxidant enzymes observed upon 
growth in the presence of Pb. 
It can be inferred from the results presented in Figure 11 that application of any of 
the chelators used in the present study, at any concentration, increased shoot translocation 
of Pb by Sesbania plants. In Figure 11 A, three distinct trends emerged. The first is that 
application of any chelator, at any concentration, resulted in an increase in translocation 
of Pb. The second is that in the case of all chelators except citric acid, the effect of 
chelators was directly related to the concentration of chelator, with the shoot Pb 
concentration increasing with each increase in chelator concentration. The third is that 
the effect was dependent on the chelator used. It was observed that chelators increased 
Pb uptake in the order EDTA > HEDTA > DTPA > NTA > citric acid. The most likely 
explanation for the increased shoot translocation in chelate-treated plants lies in the low 
solubility of Pb in soil. Generally, only about 0.1% of Pb is available to plants for uptake 
from soil (Huang et al. 1997). It has been shown by a number of researchers that 
application of chelating agents may be useful in increasing the solubility of Pb in soil 
(Huang and Cunningham 1996, Blaylock et al. 1997, Huang et al. 1997, Epstein et al. 
1999, Sarret et al. 2001, Sahi et al. 2002). 
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While it is not entirely clear how chelated Pb is transported into shoots, the 
increase in shoot Pb upon application of chelators is consistent with the observations of 
several studies (Huang and Cunningham 1996, Blaylock et al. 1997, Epstein et al. 1999, 
Sarret et al. 2001, Sahi et al. 2002). In Zea mays, it was recorded by Huang and 
Cunningham (1996) that application of HEDTA increased shoot translocation 20-fold. It 
was also shown by Blaylock et al. (1997) that EDTA increased uptake of a variety of 
metals in Brassica juncea. Epstein et al. (1999) observed that EDTA can increase Pb 
transport from soil in Brassica juncea, but also reduces transpiration rates in such plants. 
It was demonstrated by Sarret et al. (2001) that Pb-EDTA is the dominant form taken up 
by plants treated with Pb and EDTA, and that formation of 100% Pb-EDTA complex may 
occur in solution. Sahi et al. (2002) noted that growth of Sesbania drummondii in the 
presence of both Pb(NC>3)2 and EDTA resulted in a 20% increase in shoot Pb 
concentration. Thus, it is not surprising that shoot concentrations of Pb increased in the 
presence of chelators in the present study. 
It was also noted during the study that some plants in control groups exposed only 
to chelators experienced chlorosis and distortion of leaves, stunted growth, and decreased 
survival. These symptoms are consistent with deficiencies of magnesium, copper and 
possibly molybdenum (Hopkins 1999). It was also noted that these effects were dose-
dependent (effect increasing as the dose increased) and time-dependent (effect increasing 
as time progressed during the study), possibly indicating that application of synthetic 
chelators resulted in removal of essential metal nutrients from soil, leading to deficiencies 
in the plants. A similar effect was observed by Geebelen et al. (2002), who observed that 
application of 200ocM EDTA led to a decrease in several metals in plant tissues. These 
deficiencies may have led to the symptoms observed in plants. It was even more 
interesting to note that plants grown in the presence of chelators and Pb rarely showed 
such deficiency symptoms, and it made little difference which chelator was used. These 
results are in agreement with those of Laurie et al. (1995), who observed that a soil EDTA 
concentration of 10 mmol/kg may be toxic to plants. However, it should be noted that 
these effects were confined to plant groups grown in the presence of only chelators 
(Figures 5 and 6), and since it is unlikely that plants would be treated with chelators in the 
absence of Pb contamination, these results would have little impact on a phytoextraction 
system employing a hyperaccumulator plant along with one or more synthetic chelators. 
Another consideration in the use of Sesbania drummondii to remove Pb 
contamination is that root absorption of Pb in S. drummondii is much greater than in the 
shoots. The high root absorption would be potentially useful in a rhizofiltration scheme, 
in which the roots could be used to absorb toxic metals such as Pb. This approach has 
been successfully tested in a variety of plant species, including Helianthus annuus 
(Dushenkov et al. 1995) and Brassica juncea (Dushenkov et al. 1995, Salt et al. 1997). 
This type of phytoremediation would be especially useful for removal of toxic elements 
from wastewater, notably from mine tailings. 
It is evident from this study that Sesbania drummondii meets all the major criteria 
that a plant species must meet in order to be useful in a Pb phytoextraction scheme. A 
suitable hyperaccumulator species must be able to accumulate >0.1% in its shoots, and in 
the present study, S. drummondii has been shown to accumulate this amount. A suitable 
species must be able to grow in the presence of Pb, and Sesbania drummondii is able to 
survive in the Pb-contaminated soil with only a minimal loss of biomass. However, the 
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most important advantage arising during the use of Sesbania drummondii in a 
phytoextraction scheme is its large biomass of >10 t/ha/yr (Lungu 2000). These are the 
most important criteria for a plant to be suitable for phytoextraction, and Sesbania 
drummondii meets them. 
In addition, it may be useful to consider the mature biomass of Sesbania 
drummondii. When mature, S. drummondii is a large shrub with a height between 2 and 3 
meters. Additionally, 51. drummondii produces a shoot biomass of 10-15 t/ha each year 
(Lungu 2000). In the present study, shoots demonstrated Pb concentrations of up to 0.42 
%. This uptake satisfies the criterion set by Sarret et al. (2001), in which a Pb 
hyperaccumulator must accumulate at least 0.1% Pb in its shoots. In a cropping scheme 
to remove Pb from contaminated soil, these plants would produce approximately 10,000 
kg/y of shoot biomass. At a shoot accumulation rate of 0.42 %, these plants would 
remove approximately 43-63 kg/yr Pb. At this rate of Pb removal from soil, Sesbania 
drummondii could remediate a Pb-contaminated site within a decade. Due to its high 
biomass, Sesbania compares quite well to other hyperaccumulator species, such as 
Brassica juncea, Zea mays and Pisum sativum, in terms of total removal of Pb from 
contaminated soil. A comparison of total Pb removal is given in Table 1. 
With the exception of Sesbania, all of the plant species listed in Table 1 have the 
disadvantage of being crop species. Due to centuries of selective breeding, crop plants 
have been developed that are not only easy for humans to consume, but are also easier for 
other animal species to consume. This concern is a serious one because once the Pb has 
entered the plants, it could enter the food chain (Robinson et al. 2003). However, 
contamination of the food chain is not a serious concern with Sesbania drummondii, as it 
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is not a food crop and in its natural state is toxic to a variety of animal species (Boughton 
and Hardy 1939, Flory and Herbert 1984, Venugopalan et al. 1984). 
Conclusions 
Several conclusions can be drawn from the present study. First, Sesbania 
drummondii is able to tolerate soil containing up to 10 g/kg Pb and still accumulate Pb. 
Second, it was shown in the present study that addition of chelators, both synthetic and 
naturally occurring, enhanced uptake of Pb by S. drummondii plants. Of these chelators, 
NTA is the most appropriate for use in a phytoextraction scheme since it improves Pb 
uptake while increasing plant growth more than any other chelator. 
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Figure Legends 
Figure 1. Effect of Pb treatment on photosynthetic activity as measured by chlorophyll a 
fluorescence. (A) Fv/Fm of plants exposed to various concentrations of Pb. (B) Fv/F0 of 
plants exposed to various concentrations of Pb. 
Figure 2. Effect of Pb treatment on plant growth, as measured by shoot length and root 
length. (A) Shoot length of plants exposed to various concentrations of Pb. (B) Root 
length of plants exposed to various concentrations of Pb. 
Figure 3. Effect of Pb treatment on plant biomass, as measured by shoot weight and root 
weight. (A) Shoot mass of plants exposed to various concentrations of Pb. (B) Root mass 
of plants exposed to various concentrations of Pb. 
Figure 4. Pb uptake of plants exposed to Pb. (A) Root Pb of plants exposed to various 
concentrations of Pb. (B) Shoot Pb of plants exposed to various concentrations of Pb. 
Figure 5. Effect of chelator treatment on Fv/Fm of plants. Chelators used in the study 
were EDTA (E), DTPA (D), HEDTA (H), NTA (N) and citric acid (C), in the 
concentrations 1.25, 2.5, 5 and 10 mmol/kg. (A) Fv/Fm of plants grown in the presence of 
both Pb and chelators. (B) Fv/Fm of control plants grown in the presence of chelators 
alone. 
Figure 6. Effect of chelator treatment on Fv/F0 of plants. Chelators used in the study were 
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EDTA (E), DTPA (D), HEDTA (H), NTA (N) and citric acid (C), in the concentrations 
1.25, 2.5, 5 and 10 mmol/kg. (A) Fv/F0 of plants grown in the presence of both Pb and 
chelators. (B) Fv/F0 of control plants grown in the presence of chelators alone. 
Figure 7. Effect of chelator treatment on shoot height of plants. Chelators used in the 
study were EDTA (E), DTPA (D), HEDTA (H), NTA (N) and citric acid (C), in the 
concentrations 1.25,2.5, 5 and 10 mmol/kg. (A) Shoot height of plants grown in the 
presence of both Pb and chelators. (B) Shoot height of control plants grown in the 
presence of chelators alone. 
Figure 8. Effect of chelator treatment on root length of plants. Chelators used in the 
study were EDTA (E), DTPA (D), HEDTA (H), NTA (N) and citric acid (C), in the 
concentrations 1.25, 2.5, 5 and 10 mmol/kg. (A) Root length of plants grown in the 
presence of both Pb and chelators. (B) Root length of control plants grown in the 
presence of chelators alone. 
Figure 9. Effect of chelator treatment on shoot mass of plants. Chelators used in the 
study were EDTA (E), DTPA (D), HEDTA (H), NTA (N) and citric acid (C), in the 
concentrations 1.25, 2.5, 5 and 10 mmol/kg. (A) Root length of plants grown in the 
presence of both Pb and chelators. (B) Root length of control plants grown in the 
presence of chelators alone. 
Figure 10. Effect of chelator treatment on root mass of plants. Chelators used in the 
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study were EDTA (E), DTPA (D), HEDTA (H), NTA (N) and citric acid (C), in the 
concentrations 1.25, 2.5, 5 and 10 mmol/kg. (A) Root mass of plants grown in the 
presence of both Pb and chelators. (B) Root mass of control plants grown in the 
presence of chelators alone. 
Figure 11. Effect of chelator treatments on Pb uptake of plants. Chelators used in the 
study were EDTA (E), DTPA (D), HEDTA (H), NTA (N) and citric acid (C), in the 
concentrations 1.25, 2.5, 5 and 10 mmol/kg. (A) Shoot Pb content of plants grown in the 
presence of Pb and chelators. (B) Root Pb content of plants grown in the presence of Pb 
and chelators. 
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Table Legend 
Table 1. Comparison of estimated total Pb removed from soil in several recently 
described phytoextraction schemes. Estimates are based on available biomass data and 
highest Pb uptake recorded in the respective studies. Biomass data from Perdue 
University Department of Horticulture, 
www.hort.perdue.edu/newcrop/duke energy/Zea mays.html#Yields%20and% 
20Economics, except for Sesbania drummondii 
(www.kafuku.org/wwwboard/messages/4. html). 
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Species Chelator Soil 
Pb 
Shoot 
Pb 
Biomass Estimated 
total Pb 
extracted 
Source 
Zea mays 5.8 mmol/kg 
HEDTA 
2500 
mg/kg 
1.06% 5-61 ha"1 
yr"1 
53-64 kg ha1 
yr"1 
Huang et al. 
1997 
Pisum 
sativum 
1.34 g/kg 
EDTA 
2450 
mg/kg 
0.896 
% 
3-4 t ha"1 
yr"' 
27-36 kg ha1 
yr1 
Huang et al. 
1997 
Sesbania 
drummondii 
lOmmol kg1 
EDTA 
7500 
mg/kg 
0.42% 10-15 t 
ha1 yr1 
43-63 kg ha1 
yr1 
Brassica 
juncea 
10 mmol/kg 
EDTA 
600 
mg/kg 
1.60% 1 - 1.5 t 
ha"1 yr"1 
16-24 kg ha1 
yr"1 
Blaylock et 
al. 1997 
Triticum 
aestivum 
5 mmol/kg 
EDTA + 5 
mmol/kg 
acetic acid 
2000 
mg/kg 
0.92% 2.5 t ha"1 
yr-1 
23 kg ha"1 yr"1 Begonia et 
al. 2002 
Table 1 
Chapter III 
Antioxidant defense in a lead hyperaccumulator, Sesbania 
drummondii 
Abstract 
In the present study, seedlings of Sesbania drummondii, a plant known to 
hyperaccumulate lead (Pb), were grown in 500mg L'1 Pb(NC>3)2 in presence and absence 
of EDTA, DTP A and HEDTA for 28 days. Plants were assayed for oxidative stress 
tolerance, which is indicated by the increased activity of antioxidant enzymes such as 
ascorbate peroxidase (APX), guaiacol peroxidase (GPX), catalase (CAT), superoxide 
dismutase (SOD) and increased glutathione (GSH) content. Activities of these enzymes 
were found elevated in the presence of Pb but were similar to controls in plants grown in 
the presence of Pb + chelators (EDTA, DTP A or HEDTA). Glutathione content was 
significantly elevated upon exposure to Pb, but lowered upon exposure to chelators. 
Chlorophyll a fluorescence kinetics was assessed by determination of Fv/Fm and Fv/F0 
values. Seedling growth in Pb alone and Pb + chelators did not significantly affect 
photosynthetic integrity (Fv/F0) and efficiency (Fv/Fm). The results suggest that Sesbania 
plants were able to tolerate Pb-induced stress using an effective antioxidant defense 
mechanism. This report is probably the first to indicate a protective role of synthetic 
chelators in oxidative stress metabolism in a hyperaccumulator plant. 
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Introduction 
Plants usually experience oxidative stress when they are exposed to lead (Pb) and 
other heavy metals (Xiong 1997, Rama Devi and Prasad 1998, Geebelen et al. 2002). 
Copper has been shown to cause oxidative stress in Ceratophyllum demersum (Rama 
Devi and Prasad 1998). Cadmium causes oxidative stress in Pisum sativum (Dixit et al. 
2001) and in barley (Erdei et al. 2002). A tissue Pb concentration greater than 30 ppm is 
toxic to most plant species (Xiong 1997). Reports indicate that Pb exposure caused 
significant oxidative stress in Phaseolus vulgaris (Geebelen et al. 2002) and Sonchus 
oleraceus (Xiong 1997). The reactive oxygen species produced as a result of oxidative 
stress cause a variety of harmful effects in plant cells, such as inhibition of photosynthetic 
activity and ATP production, lipid peroxidation, and DNA damage (Malecka et al. 2001). 
All these eventually lead to cell death (Malecka et al. 2001, MacFarlane 2003). Roots 
appear to be most susceptible to oxidative stress from heavy metal (Pb) accumulation, 
since they are the sites first exposed to metals (Malecka et al. 2001, Geebelen et al. 2002). 
At the whole plant level, stunted growth as a result of decreased root and shoot elongation 
is the most common symptom of oxidative stress (Xiong 1997, MacFarlane 2003). 
Plants have evolved a variety of mechanisms to counteract the effects of reactive 
oxygen species in cellular compartments (Geebelen et al. 2002, Rama Devi and Prasad 
1998, Xiong 1997). Reactive oxygen species are generally metabolized through a variety 
of antioxidant enzymes, such as superoxide dismutases, peroxidases and catalases. The 
superoxide anion, which is the most dangerous reactive oxygen species, is scavenged in 
plants by superoxide dismutase (SOD), which converts superoxide anion to hydrogen 
peroxide (Alscher et al. 2003). Hydrogen peroxide (H202) is scavenged directly by 
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catalase (CAT), which converts it to water and molecular oxygen. Peroxidases also 
scavenge H2O2 indirectly by combining it with antioxidant compounds such as ascorbate 
and guaiacol (Gupta et al. 1993, Xiong 1997, Rama Devi and Prasad 1998). 
Measurement of activities of antioxidant enzymes can thus be used to indicate oxidative 
stress in plants (Geebelen et al. 2002). Another method commonly used to monitor 
oxidative stress in green plants is to measure chlorophyll activity, either through direct 
measurement of chlorophyll or through chlorophyll fluorescence, which has been shown 
to correlate negatively with metal uptake (KrishnaRaj et al. 2000, MacFarlane 2003). 
This research aims to identify the role of antioxidant metabolism in the Pb 
hyperaccumulator, Sesbania drummondii. S. drummondii has been reported to tolerate 
high concentrations of Pb, and accumulate Pb (>2 % dry weight) in its tissues (Sahi et al. 
2002, Ruley et al. 2003). It has also been shown in Sesbania, as well as in several other 
studies, that synthetic chelators such as EDTA greatly increase the translocation of Pb 
into the shoots without causing harm to the plants (Sahi et al. 2002, Blaylock et al. 1997). 
There have been relatively few studies performed to determine whether antioxidant 
enzymes are used by hyperaccumulator plants to minimize the harmful effects of metal 
ions, the two most notable of these being nickel tolerance in Alyssum (Schickler and 
Caspi 1999) and cadmium tolerance in Thlaspi caerulescens (Boominathan and Doran 
2003). Thus, the objectives of this study were to determine activities of antioxidant 
enzymes and changes to photosynthetic activity in seedlings of Sesbania drummondii in 
response to Pb toxicity. 
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Materials and Methods 
Plant Cultivation and Treatment with Pb 
Seeds of Sesbania drummondii were scarified in 85 % H2SO4, rinsed in running 
water, and sterilized in 0.2 % HgCl2 for 10-15 min. Seeds were then planted in 0.8 % 
water agar. Ten days after planting, seedlings were placed into modified Hoagland's 
medium (Sahi et al. 2002) containing Pb and chelators as described below. Plants were 
grown at 25 °C using a 16/8 h light/dark cycle in a growth chamber under 180-200 ccmol 
m"2 s"1 of cool fluorescent light for different periods (0-4 weeks). 
Media were prepared using Pb and synthetic chelators as described below. A 
control treatment was prepared containing only modified Hoagland's media (no Pb or 
chelators). Treatment groups were prepared containing 500 mg L"1 Pb(N03)2 and EDTA, 
DTPA, or HEDTA in the molar ratio of 2 mol Pb : 1 mol chelator. In order to achieve 
this molar ratio, media contained 450 mg L"1 EDTA or 416 mg L"1 DTPA or 475 mg L"1 
HEDTA. A media concentration of 500 mg L"1 Pb(N03)2 was chosen because it is well 
tolerated by S. drummondii (Sahi et al. 2002). Chelator control groups were prepared in 
media similar to the above except without Pb. 
Antioxidant Enzyme Activity Assays 
Ascorbate Peroxidase (APX) 
Sesbania seedlings grown in different treatments (as described above) were 
harvested and homogenized in cold phosphate buffer (pH 7.0). One ml of phosphate 
buffer was used per 100 mg plant fresh weight (FW). The supernatant was then diluted 
five-fold in phosphate buffer, and APX activity was assayed using the method described 
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by the United States Environmental Protection Agency (1994). A reaction mixture 
consisting of 100 jj.1 supernatant, 17 mM H2O2 (450 JLXI) (Fisher Scientific), and 25 mM 
ascorbate (450 |li1) (Fisher Scientific) was then assayed for 3 minutes at 290 nm. Activity 
was measured as disappearance of ascorbate. One unit of enzyme activity was defined as 
a decrease in absorbance of 0.001 min"1 at 290 nm. 
Guaiacol Peroxidase (GPX) 
Sesbania seedlings grown as above were harvested and homogenized in cold 
phosphate buffer (pH 7.0) as described above. The supernatant was then diluted five-fold 
in phosphate buffer, and GPX activity was assayed using the method described by the 
United States Environmental Protection Agency (1994). A reaction mixture consisting of 
supernatant (100 J L X I ) , 17 mM H202 (450 |il) (Fisher Scientific), and 2 % guaiacol (450 jal) 
(Fisher Scientific) was then assayed for 3 min at 510 nm. Activity was measured as 
appearance of tetra-guaiacol. One unit of enzyme activity was defined as an increase in 
absorbance of 0.001 min-1 at 510 nm. 
Catalase (CAT) 
Seedlings were harvested and homogenized as described above. The supernatant 
was then diluted five-fold in phosphate buffer, and assayed for catalase activity (Aebi 
1983). A reaction mixture consisting of 666 ]ul supernatant and 334 \i\ of 73 mM H2O2 
(Fisher Scientific) was then assayed for 3 min at 240 nm. Activity was measured as 
disappearance of H202. One unit of enzyme activity was defined as a decrease in 
absorbance of 0.001 min1 at 240 nm. 
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Superoxide Dismutase (SOD) 
Sesbania seedlings grown as above were harvested, homogenized and centrifuged 
as described above. The supernatant was diluted five-fold and tested using the WST 
SOD assay kit from Dojindo Molecular Technologies (Gaithersburg, Maryland, USA), as 
described by Ukeda et al. (2002). One unit was defined as the amount required to inhibit 
the reduction of WST-1 to WST-1 formazan in the presence of superoxide by 50 %. 
Reduced Glutathione (GSH) Assay 
In order to perform the GSH assay, Sesbania drummondii seedlings were grown, 
harvested and homogenized as described above. Reduced glutathione (GSH) content was 
estimated using the method of Hissin and Hilf (1976). The reaction mixture contained 
100 | J of supernatant, 100 juI o-phthaldehyde (1 mg ml"1) (Fisher Scientific), and 1.8 ml 
phosphate buffer (0.1 M sodium phosphate, 0.005 M EDTA, pH 8.0). Fluorometry was 
performed using a Shimadzu spectrofluorometer with excitation at 350 nm and emission 
at 420 nm. 
Plant Photosynthetic Activities 
Prior to homogenization, plants were assessed for photosynthetic activity by 
measuring chlorophyll a fluorescence parameters using the Handy-PEA instrument 
(Hansatech Instruments, UK). Sesbania plants were dark-adapted for 30 min and then 
given a 1 s pulse of red light. The following fluorescent parameters were measured: F0 -
the minimum chlorophyll a fluorescence after the dark-adaptation, and Fm - the maximum 
fluorescence after the pulse of red light. From these two measurements the Fv (the 
variable fluorescence calculated as the difference between the minimal and maximal 
fluorescence), Fv/Fm (the ratio of variable to maximal fluorescence) and Fv/F0 (the ratio of 
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variable to minimal fluorescence) values were calculated. 
Statistical Analysis 
Statistical analyses were performed using SYSTAT (version 9.0 for Windows, 
1999, Systat Software Inc. Richmond, CA). Growth measurements, photosynthetic 
measurements, and enzyme activities were the means of 6 samples taken from 2 
experiments; 3 replicates were taken in each experiment. The analysis of variance 
(ANOVA) appropriate for the design was carried out to detect the significance of 
differences (p<0.05) among the treatment means and Tukey's HSD post hoc test was 
performed to compare among experimental groups for significant differences. 
Results 
Antioxidant Defense 
Figure 1 shows APX activities of Sesbania drummondii seedlings grown in the presence 
of Pb and synthetic chelators. During the first week of growth, control (no Pb or 
chelator) seedlings showed an elevated activity of APX followed by a significant decrease 
by week four (Fig. 1A-C). Activity of APX in seedlings grown in the presence of only Pb 
remained flat for the first two weeks and then increased significantly (p<0.05) relative to 
controls during week three followed by a decrease in the activities to the level of first two 
weeks (Fig. 1A-C). Plants grown only in EDTA showed a significant (p<0.05) elevation 
in APX activity from week zero to week one, and decreased significantly (p<0.05) by 
week four (Fig. 1A). The APX activity of plants exposed to Pb + EDTA rose 
insignificantly (p>0.05) compared to controls by week two, and dropped afterwards, to a 
level similar to controls (p>0.05) at week four (Fig 1 A). However, APX activities of 
plants exposed to either DTPA alone or Pb + DTPA showed a more consistent trend, 
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starting at a level equivalent to those of controls at week 0 and maintaining activities 
close to those of controls (p>0.05) after week two (Fig. IB). Similarly, APX activities of 
plants exposed to either HEDTA alone or Pb + HEDTA did not vary significantly from 
week to week (p<0.05) (Fig. 1C). 
The GPX activities of Sesbania drummondii seedlings grown in the presence of 
Pb and synthetic chelators are shown in Figure 2. Controls experienced a significant, but 
temporary increase in GPX activity at week one, returning to their original level by week 
four (p>0.05) (Fig. 2A-C). GPX activities of plants exposed to only Pb showed a steady 
increase during the first two weeks of growth, then climbing significantly in the third 
week, and finally returning to the week 2 level, yet significantly higher than controls 
(p<0.05) (Fig. 2A-C). GPX activities of plants grown in the presence of either EDTA 
alone or Pb + EDTA demonstrated an insignificant (p>0.05) change between weeks and 
controls (Fig. 2A). During the first two weeks of growth, GPX activities of plants 
exposed to only DTPA were lower than those of controls, but increased by the fourth 
week to a level similar to that recorded for controls (Fig. 2B). Meanwhile, GPX activities 
of plants grown in the presence of Pb + DTPA significantly increased (p<0.05) during the 
first week and remained steady after that, and were comparable to controls (Fig. 2B). 
GPX activities of plants grown in the presence of only HEDTA were quite steady over 
the growth period, with no significant change from week to week (p>0.05) (Fig. 2C). At 
the same time, GPX activities of plants grown in the presence of Pb + HEDTA showed a 
significant (p<0.05), but temporary decrease at week two, and afterwards rose 
significantly, differing from controls at weeks three and four (p<0.05) (Fig. 2C). 
Figure 3 compares CAT activities of Sesbania drummondii seedlings grown in the 
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presence of Pb + chelators. During the transplantation period (week 0), control seedlings 
exhibited high CAT activities (70 U nig1), which decreased to a level of 15 U trig1 by 
week one and remained steady afterwards (Fig. 3A-C). CAT activities in Pb-treated 
groups decreased sharply during the first week and rose steadily afterwards, showing 
significantly higher activity than controls at week four (p<0.05) (Fig. 3A-C). CAT 
activities of plants treated with Pb + EDTA did not show elevated activity compared to 
controls, except at week two. At the same time, CAT activities of plants treated with 
only EDTA did not demonstrate a significant (p>0.05) increase over the weeks (Fig. 3 A). 
Plants treated with DTPA or Pb + DTPA showed no significant increase (p>0.05) in CAT 
activity compared to controls (Fig. 3B). At the termination of the experiment (28 days), 
plants exposed to Pb + HEDTA or HEDTA (alone) also showed no significant (p>0.05) 
increase in CAT activity relative to controls (Fig. 3C). 
Figure 4 compares activity of SOD in plants exposed to Pb and chelators. SOD 
activities in Pb-treated groups gradually increased and were significantly higher than 
those of controls (p<0.05) by week four (Fig. 4A-C). Plants grown in the presence of Pb 
+ EDTA showed an increase in SOD activity for the first two weeks and then declined to 
the level of controls by the fourth week (Fig. 4A). However SOD activities of plants 
treated with EDTA (alone) remained at nearly the same level throughout the experimental 
period (p>0.05) (Fig. 4A). SOD activities of plants grown in the presence of Pb + DTPA 
gradually increased for the first three weeks and then declined back to near the controls 
while SOD activities of plants exposed to DTPA (alone) were comparable to controls, 
except at week three (p<0.05) (Fig. 4B). A similar trend was observed among plants 
grown in the presence of HEDTA or Pb + HEDTA, in which SOD activities of plants 
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were not significantly higher (p>0.05) than those of controls (Fig. 4C). 
The effects of treatment with Pb and chelators on GSH content of Sesbania 
seedlings are presented in Figure 5. Growth in the presence of only Pb resulted in a 
significant increase in GSH content relative to controls (p<0.05). However, exposure to 
chelators, either free or in combination with Pb, caused a significant decrease in GSH 
content relative to controls (p<0.05) at the end of the experiment (28 days). 
Photosynthetic Effect of Pb 
Seedlings grown in the presence and absence of Pb (control) had Fv/Fm values of 
0.8 or higher, except at week four (Fig. 6A-C). When seedlings were grown in the 
presence of EDTA (alone) there was a sharp decline in Fv/Fm values to 0.63 (at week 
four), while seedlings grown in Pb + EDTA exhibited the same trend as in the case of 
controls or Pb alone, except at week four, when they were 0.76 (Fig. 6A). Sesbania 
grown in the presence of DTPA (alone) had Fv/Fm values of 0.8, while those of plants 
grown in Pb + DTPA were 0.76 during the experimental period (Fig. 6B). Fv/Fm values of 
approximately 0.8 were also recorded from seedlings grown in the presence of Pb + 
HEDTA for the first two weeks, but afterwards values gradually decreased to 0.65 by 
week four. At the same time, values of plants grown in only HEDTA also decreased to 
0.72 at week three, but returned back to 0.8 at week four (Fig. 6C). 
Sesbania seedlings grown in the presence and absence of Pb (control) had Fv/F0 
values of 4.0 or higher throughout their growth period, except seedlings grown in the 
presence of Pb at four weeks (3.7) (Fig. 7A-C). When seedlings were grown in the 
presence of EDTA alone there was a sharp decline in Fv/F0 values to 2.5 at week four, 
while seedlings grown in Pb + EDTA showed Fv/F0 values of around 3.75 and exhibited 
79 
the same trend as in the case of Pb alone (Fig. 7A). Sesbania grown in the presence of 
DTPA alone showed Fv/F0 values greater than or equal to 4.0 whereas values declined to 
3.3 at week four when seedlings were grown in the presence of Pb + DTPA (Fig. 7B). 
Seedlings grown in the presence of Pb + HEDTA showed Fv/F0 values >4.0 until week 
one and then declined to 2.2 by the fourth week of growth. In the presence of only 
HEDTA, however, Fv/F0 values declined to 3.1 at week three and then climbed back to 
4.0 by the end of the experimental period (Fig. 7C). 
Discussion 
Results suggest that exposure to Pb in the presence of synthetic chelators does not 
trigger an oxidative stress reaction in Sesbania drummondii. However, exposure to Pb 
(500 mg L"1) alone caused a variable degree of oxidative stress reflected by the increased 
activities of antioxidant enzymes. Notably, at four weeks of plant growth, activities of 
APX and GPX increased significantly upon exposure to Pb (120 % and 62 % higher than 
controls, respectively), but declined when seedlings were subjected to Pb + EDTA, or Pb 
+ DTPA (Fig. 1 and 2). The elevation in enzyme activities noted in seedlings between 
transplantation (week 0) and the first week of growth was likely due to transplantation 
shock, as shown in figures 1, 2 and 4 (Girard et al. 1997). During the course of the 
present study, three distinct phases were observed in the plants' adaptation to Pb and 
chelators. The first phase, occurring during the first week of growth, was characterized 
by transplantation shock, indicated by sharp increases in activities of antioxidant 
enzymes. The second phase, marked by acclimatization of plants to their environmental 
conditions, was reflected by inconsistent enzyme activities. The third phase, after plants 
had adjusted, was reflected in consistent activities of enzymes measured; thus the 
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enzymatic activities observed in the final week were considered most representative of 
the antioxidant response in Sesbania. Increased activities of peroxidases in response to 
Pb exposure in Sesbania are comparable to those reported in a Pb-tolerant species, 
Sonchus oleraceus, in which significant increase in activities of peroxidases were 
reported (Xiong 1997). However, the results reported in Sesbania are at variance with 
Phaseolus vulgaris, where considerable activities of APX and GPX were recorded in 
response to 115.8 mg L"1 Pb-EDTA (Geebelen et al. 2002). Likewise, when assays for 
CAT and SOD were performed, this plant {Sesbania) exhibited at four weeks a pattern of 
activities similar to those observed in the case of APX and GPX, with elevated CAT (265 
%) and SOD (180 %) activities in the presence of Pb, and with no significant change in 
their activities in the presence of Pb + EDTA, Pb + DTPA, and Pb + HEDTA. An 
increase in the activities of CAT and SOD has been reported even at lower Pb 
concentrations (104 or 207 mg L"1) in the case of Pisum sativum (Malecka et al. 2001). In 
Thlaspi caerulescens, a constitutive Cd hyperaccumulator, a strong correlation between 
Cd stress and CAT induction response has been demonstrated (Boominathan and Doran 
2003). Another hyperaccumulator of Cd, Alyssum argenteum, also exhibited a significant 
increase in SOD activity in response to high concentrations of Cd (Schickler and Caspi 
1999). 
The effects of Pb-chelator complex (Pb + EDTA, Pb + DTPA and Pb + HEDTA) 
on Pb uptake have been studied in various laboratories (Kumar et al. 1995, Blaylock et al. 
1997, Vassil et al. 1998, Epstein et al. 1999, Sahi et al. 2002). It has been demonstrated 
that Pb accumulation in the shoots is correlated with the formation of Pb-EDTA in the 
hydroponic solution and that Pb-EDTA is the principal form of Pb accumulated and 
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translocated in the plant. Formation of 100 % Pb-EDTA complex in the nutrient solution 
(having equimolar concentrations of Pb and EDTA) has been shown (Sarret et al. 2001), 
while in plants an increase of 140-fold in xylem sap Pb content was recorded following 
application of EDTA in Pb-contaminated sites (Huang et al. 1997). Despite chelate-
induced Pb accumulation in plant tissues, Sesbania drummondii exhibits a less dramatic 
antioxidant reaction (indicated by the activities of APX, GPX, CAT and SOD) in the 
presence of Pb + chelate complexes. It is possible that the Pb-chelate complex formation 
in the nutrient solution restricts Pb2+ available for formation of other complexes or 
binding with cell walls (Sahi et al. 2002), which may occur readily when plants are 
exposed to Pb(N03)2- Pb(NOs)2 quickly dissociates in nutrient solution, giving rise to 80 
% of Pb2+ available for plant uptake (Sarret et al. 2001). 
The physiological basis of uptake of either the Pb-chelator complex, or of Pb2+ and 
EDTA separately, is not yet known, but chelator-facilitated uptake and transport of Pb has 
been shown in a few plant species possessing appreciable biomass (Blaylock et al. 1997, 
Huang et al. 1997, Epstein et al. 1999). Both symplastic (via cell-cell connections) and 
apoplastic (via intracellular spaces) movement of Pb-chelator complex has been revealed 
in recent ultrastructural studies (Jarvis and Leung 2001). It is likely that within the 
endodermis, large lead particles cannot easily cross the Casparian strip due to their size 
and charge characteristics; but once they have formed a complex with a chelator such as 
EDTA, their solubility increases, the particle size decreases, and they become particularly 
invisible to processes that would normally prevent their unrestricted movement such as 
precipitation with phosphates or carbonates (Jarvis and Leung 2001). From the results 
gathered in the present study, chelators may have a masking effect conferring plants 
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protection against Pb toxicity and thus antioxidant defense mechanisms were not as 
strongly activated as in the case of plants grown in the presence of uncomplexed Pb. 
While earlier studies suggest that exposure to Pb and other heavy metals generally 
interferes with photosynthetic activity in plants (Dan et al. 2000, KrishnaRaj et al. 2000, 
MacFarlane 2003), Pb exposure had little or no effect on photosynthetic activity in S. 
drummondii. Sesbania seedlings grown in the presence of Pb and Pb + chelator showed 
neither a significant reduction in Fv/Fm nor Fv/F0 values, except for Pb + HEDTA (Fig. 6C 
and 7C). It was of particular interest to observe that photosynthetic activities of plants 
were mostly normal throughout the course of this experiment (0-28 days). Concerning 
the mechanism of Pb toxicity, it is known that Pb interferes directly with 5-amino-
levulinic acid dehydratase, an important enzyme in the formation of both heme in 
mammals and chlorophyll in plants (Geebelen et al. 2002). Inhibition of S-amino-
levulinic acid dehydratase affects chlorophyll synthesis, and in turn affects carbon 
assimilation as well as the conversion of water to molecular oxygen. This altered ability 
to convert water to molecular oxygen generates reactive oxygen species (ROS) such as 
superoxide (O2 ) and hydroxyl radicals (• OH) (Gupta et al. 1993, Xiong 1997, Rama 
Devi and Prasad 1998, Geebelen et al. 2002). It can be concluded from the above results 
that Sesbania drummondii seedlings have an effective mechanism to counteract oxidative 
stress resulting from Pb exposure. 
Fv/Fm value is an indicator of the photosynthetic efficiency of the plant. Fv/F0 
indicates the size and number of active photosynthetic centers in the chloroplast, and 
therefore the photosynthetic strength of the plant. An Fv/Fm ratio of 0.8 or above is 
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characteristic of a healthy plant (Dan et al. 2000), and notably Fv/Fm was >0.8 for nearly 
all groups of plants in this study. An Fv/F0 of 4.0 or more indicates that the plant is 
healthy and not suffering photosynthetic stress (Dan et al. 2000), and for most of the 
groups studied in Sesbania, f\/F0 was at or close to 4.0 (Fig. 7). Values of plants exposed 
to Pb only were slightly less than 4.0 at week four, but these did not seem to indicate 
serious problems in the plants. The only notable exception was the plant group exposed 
to Pb + HEDTA, which showed depressed Fv/Fm at three and four weeks (3.0 and 2.2, 
respectively) (Fig. 6C). However, it was also noticed that plants showed some signs of 
photosynthetic stress when treated with EDTA in the absence of Pb. It is therefore 
reasonable to conclude that exposure to Pb, either alone or in combination with chelators, 
does not affect the photosynthetic machinery of Sesbania drummondii. These results are 
in agreement with the report on Pelargonium sp., where Fv/Fm and Fv/F0 were not 
significantly affected by Pb accumulation (KrishnaRaj et al. 2000). However, results on 
Sesbania sp. recorded in this study differ from the observations of MacFarlane (2003), an 
indicaiton that in Avicennia marina heavy metal (Zn) causes depression of photosynthetic 
activity in a dose-dependent manner. 
Sesbania seedlings exhibited a significant reduction in growth reflected in their 
size and biomass after four weeks of Pb and Pb-chelator exposure (data not presented). 
However, effects on growth were not pronounced in early periods of exposure (1-2 
weeks). Strikingly, growth was also reduced significantly when these seedlings were 
exposed to chelators (in the absence of Pb). Under these conditions it may be logical to 
believe that Pb at a concentration of 500 mg L"1 may affect growth through physiological 
and biochemical processes other than oxidative stress and/or photosynthetic metabolism. 
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One possible explanation is nutrient deficiency that commonly results from application of 
Pb and/or chelators in the exogenous nutrient medium. Earlier studies support that 
application of chelating agents in Pb-contaminated solution affects plants' uptake of 
essential elements such as Ca, Fe, Mn and Zn (Geebelen et al. 2002, Chaney 1988). In 
the same way, addition of uncomplexed EDTA to the growth medium may increase 
EDTA chelation of most divalent cations, resulting in decreased plant uptake of Fe, Mn 
and Zn (Geebelen et al. 2002). Nutrient leaching explains well how the growth of 
Sesbania seedlings was affected in the presence of synthetic chelators alone (data not 
presented). The last question to be answered is how unchelated Pb (500 mg L"1) affects 
the growth of this plant (0.61±0.05 g at week 0 to 0.53±0.09 g at week four). One 
interesting consideration in this respect is the absence of any source of phosphate in the 
nutrient solution used in this study. To avoid precipitation of Pb2+ with P043", Hoagland's 
medium was modified with NH4NO3 in place of (NH4)3P04 (Sahi et al. 2002). The 
nutritional deficiency of phosphate would obviously affect plants growing under metal 
stress. The possibility of aggravation of P deficiency would be greater when we consider 
precipitation of Pb with phosphates in the shoot cells and tissues as reported in Phaesolus 
vulgaris. Sarret et al. (2001) demonstrated speciation of Pb in the leaves in P. vulgaris 
and reported formation of a significant proportion of pyromorphite (lead phosphate). 
Additionally, unchelated Pb is known to cause deficiency of Zn, which is essential to a 
variety of enzymes (Seregin and Ivanov 2001). 
On the basis of the foregoing account, it can be concluded that Sesbania 
drummondii displays a unique tolerance to toxic concentrations of Pb. The results 
suggest that these plants were able to overcome metal stress using an effective defense 
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mechanism(s) (in addition to antioxidant activity) in order to maintain efficient 
Photosystem H activity. There are various defensive mechanisms that work in tandem 
when plants are exposed to heavy metal stress. Recent attention has shifted to a possible 
role of phytochelatins, a family of metal-binding peptides, in the sequestration of heavy 
metals (Zn, Cd, Pb) in plant cells (Rauser 1995, Salt et al. 1995). Phytochelatins form 
coordinate complexes with heavy metals and then phytochelatin-metal complexes are 
transported across the tonoplast and finally sequestered in vacuoles, thus decreasing the 
heavy metal content in the cytosol of plant cells. The recent study of Gong et al. (2003) 
has thrown light on the mechanism of phytochelatin action and demonstrated their 
essential role in long-distance root-to-shoot transport of cadmium besides sequestration. 
Sharma et al. (2004), using X-ray absorption near edge structure and extended X-ray 
absorption fine structure techniques, studied speciation of Pb in Sesbania roots and leaves 
and hinted at a role of phytochelatins in Pb sequestration in this plant. This study 
confirmed that Pb is primarily bound to sulfur compounds in Sesbania cells. Binding to 
sulfur indicates that Pb is bound largely to sulfur-containing amino acids such as cysteine. 
Cysteine is a major component of phytochelatins. In the present study, additional 
evidence pointing to the possibility of a phytochelatin mechanism was provided by an 
elevation in GSH content in Sesbania cells exposed to Pb (Fig. 5). Phytochelatins are 
synthesized non-translationally from GSH (Grill et al. 1989, Clemens et al. 1999), and the 
increase in GSH content in this study indicates that a phytochelatin mechanism may be 
involved in Pb detoxification and accumulation in Sesbania. Thus, it is possible that this 
plant uses more than one mechanism for detoxification of Pb, and further study would be 
helpful. 
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Figure Legends 
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Figure 1. Ascorbate peroxidase activities (U mg"1 plant FW) of Sesbania drummondii 
seedlings grown in the presence of Pb and EDTA (A), DTPA (B) and HEDTA (C) for 
four weeks. Values represent means and SD (n=6). 
Figure 2. Guaiacol peroxidase activities (U mg"1 plant FW) of Sesbania drummondii 
seedlings grown in the presence of Pb and EDTA (A), DTPA (B) and HEDTA (C) for 
four weeks. Values represent means and SD (n=6). 
Figure 3. Catalase activities (U mg"1 plant FW) of Sesbania drummondii seedlings grown 
in the presence of Pb and EDTA (A), DTPA (B) and HEDTA (C) for four weeks. Values 
represent means and SD (n=6). 
Figure 4. Superoxide dismutase activities (U mg"1 plant FW) of Sesbania drummondii 
seedlings grown in the presence of Pb and EDTA (A), DTPA (B) and HEDTA (C) for 
four weeks. Values represent means and SD (n=6). 
Figure 5. Reduced glutathione content of Sesbania drummondii seedlings grown in the 
presence of Pb and synthetic chelators (EDTA, DTPA, and HEDTA) for four weeks. 
Values represent means and SD (n=3). 
Figure 6. The Fv/Fm values of Sesbania drummondii seedlings grown in the presence of Pb 
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and EDTA (A), DTPA (B) and HEDTA (C) for four weeks. Values represent means and 
SD (n=6). 
Figure 7. The Fv/F0 values of Sesbania drummondii seedlings grown in the presence of Pb 
and EDTA (A), DTPA (B) and HEDTA (C) for four weeks. Values represent means and 
SD (n=6). 
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Chapter IV 
Expression of Antioxidant Enzymes in Sesbania drummondii in 
Response to Growth in the Presence of Lead 
Abstract 
Changes in expression of antioxidant enzymes were investigated using several 
common protein expression assays. Sesbania drummondii seedlings were grown in the 
presence and absence of Pb and synthetic chelators (EDTA, DTPA, and HEDTA). 
Expression of the antioxidant enzymes ascorbate peroxidase and superoxide dismutase 
(SOD) was determined using Sesbania drummondii extracts obtained by homogenization 
in phosphate buffer. Expression of ascorbate peroxidase was monitored by means of 
native gel electrophoresis. Expression of proteins in plant cells was assessed by means of 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Western 
blotting was used to compare expression of MnSOD in plants grown in the presence and 
absence of Pb(N03)2. Although Western blotting was inconclusive due to the non-specific 
binding of the antibody, SDS-PAGE stained with silver stain yielded a set of bands at 
approximately 35 kDa molecular weight in which plants exposed to Pb demonstrated 
greater expression of this protein, which may be one or more isoforms of SOD. 
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Introduction 
It is well established that exposure to Pb and other toxic metals triggers oxidative 
stress in plants. Plants usually experience oxidative stress reactions when they are 
exposed to Pb and other heavy metals (Xiong 1997, Rama Devi and Prasad 1998, 
Geebelen et al. 2002). Rama Devi and Prasad (1998) reported that an excess of copper 
(Cu) leads to oxidative stress in Ceratophyllum demersum. Cadmium is known to trigger 
oxidative stress in a number of plant species, including Pisum sativum (Dixit et al. 2000) 
and barley (Erdei et al. 2002). A tissue Pb concentration greater than 30 ppm is toxic to 
most plants (Xiong 1997). Geebelen et al. (2002) reported that Pb exposure caused 
significant oxidative stress in Phaseolus vulgaris, and Xiong (1997) observed a similar 
effect in Sonchus oleraceus. The reactive oxygen species produced as a result of 
oxidative stress cause a variety of harmful effects in plant cells, such as inhibition of 
photosynthetic activity and ATP production, lipid peroxidation, and DNA damage 
(Malecka et al. 2001). If not controlled by plant cells, all these effects of reactive oxygen 
species eventually lead to cell death (Malecka et al. 2001, MacFarlane 2003). Roots 
appear to be most susceptible to oxidative stress from heavy metal accumulation, since 
they are the sites first exposed to metals (Malecka et al. 2001, Geebelen et al. 2002). At 
the whole plant level, stunted growth as a result of decreased root and shoot elongation is 
the most common symptom of oxidative stress (Xiong 1997, MacFarlane 2003). 
Plants have evolved a variety of mechanisms to counteract the effects of reactive 
oxygen species in cellular compartments (Geebelen et al. 2002, Rama Devi and Prasad 
1998, Xiong 1997). Metabolism of reactive oxygen species is generally handled through 
a variety of antioxidant enzymes, such as superoxide dismutases, peroxidases and 
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catalases. The superoxide anion, which is the most dangerous reactive oxygen species, is 
scavenged in plants by superoxide dismutase (SOD), which converts superoxide anion to 
hydrogen peroxide (Alscher et al. 2002). Hydrogen peroxide is scavenged directly by 
catalase (CAT), which converts it to water and molecular oxygen. Peroxidases also 
scavenge H2O2 indirectly by combining it with antioxidant compounds such as ascorbate 
and guaiacol (Gupta et al. 1993, Xiong 1997, Rama Devi and Prasad 1998). 
Measurement of activities of antioxidant enzymes can thus be used to indicate oxidative 
stress in plants (Geebelen et al. 2002). 
Changes in expression of these antioxidant enzymes in response to a variety of 
sources of oxidative stress have been reported by several investigators. Kuk et al. (2003) 
reported that expression of superoxide dismutase, catalase, ascorbate peroxidase, and 
glutathione reductase were elevated in rice upon exposure to chilling stress. A correlation 
between expression of superoxide dismutase and ascorbate peroxidase was observed by 
Gupta et al. (1993). Bueno et al. (1995) characterized a peroxisomal Cu/ZnSOD in 
watermelon cotyledons (Citrullus vulgaris) using Western blotting. It was also noted that 
expression of FeSOD and Cu/ZnSOD was induced by exposure to Fe and Zn (Bueno and 
Piqueras 2002). Protocols to determine expression of antioxidant enzymes are well 
established. 
Prior to the present study, activities of antioxidant enzymes were measured in 
Sesbania drummondii seedlings exposed to Pb and it was determined that activities of 
these enzymes were elevated upon exposure to Pb (Ruley et al. 2004). During the course 
of the earlier antioxidant enzyme activity assays, it was observed that activities of 
antioxidant enzymes increase in plants grown in the presence of Pb. However, it was not 
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clear whether the effects observed were the result of differential expression of antioxidant 
enzymes. The hypothesis guiding this study was that differences in antioxidant enzyme 
activity were due to differences in expression induced by exposure to Pb. Thus the 
objectives of the present study were to: 1) assess protein production through SDS-PAGE, 
2) determine expression of ascorbate peroxidase (APX) by means of native gel 
electrophoresis, and 3) compare expression of superoxide dismutase (SOD) among plant 
groups by means of Western blotting. 
Materials and Methods 
Sample Preparation 
Sesbania drummondii seedlings were grown and homogenates were prepared as 
described in Chapter HI. Homogenates used in antioxidant enzyme activity assays 
performed in Chapter EI were stored at -80C until use in expression studies. Expression 
of antioxidant enzymes was assayed using native gel electrophoresis, SDS-PAGE, and 
Western blot analysis. 
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 
SDS-PAGE was performed using the procedure of Laemmli (1970), with 
modifications. Loading buffer (5x) contained 312.5 mM Tris-HCl, 10% SDS, 25mM 
dithiothreitol (DTT), 50% glycerol and 0.5% bromphenol blue. Samples were mixed in 
5:1 with loading buffer (5 parts homogenate: 1 part 5x loading buffer) and boiled for 5 
minutes. Twenty (J. g of each sample was loaded onto a polyacrylamide gel and run at 
125V for 60 minutes. A molecular weight standard was run in one lane in order to 
determine molecular masses of proteins visualized on the gel. Gels were then stained 
with Coomassie Blue Stain and photographed using a digital camera and cool fluorescent 
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light. 
A second SDS-PAGE was run as described above except with a lane containing 
horseradish SOD as a positive control and a marker, and stained using the SilverSNAP kit 
from Pierce Diagnostics (Rockford, Illinois). 
Western Blot Analysis 
Western blot analysis was performed using the technique of Bueno et al. (1995). 
SDS-PAGE was performed as above (without staining). Gels were transferred onto 
nitrocellulose membranes. Membranes were then blocked with phosphate-buffered saline 
containing 3% nonfat dry milk and probed using a rabbit anti-MnSOD IgG (a generous 
gift from Dr. Jose M. Palma, Departamento de Bioquimica, Biologia Celular y Molecular 
de Plantas, Consejo Superior de Investigaciones Cientificas, Grenada, Spain) at a 1:1000 
dilution in PBS (8 g/L NaCl, 200 mg/L KC1, 1.46 g/LNa2HP04, 200 g/L KH2P04, pH 
7.4) containing 3% nonfat dry milk. Membranes were then washed and probed with a 
goat anti-rabbit IgG secondary antibody conjugated with alkaline phosphatase at 1:30,000 
dilution. Bands were visualized using Sigma alkaline phosphatase reagent solution and 
membranes were photographed using a digital camera and cool fluorescent light. 
The Western Blot was run again under slightly altered conditions. Another 
membrane was blotted from an SDS-PAGE gel, and the membrane was blotted following 
the technique of del Rio et al. (2003), which was the same as that of Bueno et al. (1995), 
except the membrane was incubated in primary antibody overnight one hour incubation 
with secondary antibody. Additionally, the loading buffer was supplemented with 6M 
urea to facilitate denaturation. This gel contained as a positive control of horseradish 
SODs prepared from a lyophyllized stock. The membrane was then developed with 5-
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Bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/NBP) substrate and 
photographed using a digital camera and cool fluorescent light. 
Results and Discussion 
Figures 1 and 2 depict staining of SDS-PAGE gels run to compare expression of 
antioxidant enzymes in Sesbania drummondii seedlings grown in the presence of Pb and 
synthetic chelators. Figure 1 depicts the SDS-PAGE gel stained with Coomassie blue. A 
single band is visible at approximately 100 kDa in most of the lanes; however, this band 
does not correspond to any of the bands generated by the SOD control. This single band 
is not suspected to correspond to any of the antioxidant enzymes tested in Chapter II. 
Also, due to a high degree of background staining, it is difficult to visualize changes in 
protein expression. Therefore, it was decided that a more sensitive staining method 
would yield an improvement in resolution. 
Figure 2 shows a gel loaded in the same manner as in Figure 1 and stained using 
the SilverSNAP stain kit from Pierce Diagnostics. This gel illustrates changes in protein 
expression among the treatment groups assayed. At 35 kDa, there is a band that 
demonstrates differential protein expression. This band was observed to be stronger in 
the Pb lane than in the control lane. The same band was also observed to be visibly less 
intense in lanes corresponding to plants grown in the presence of chelators, either with or 
without Pb. This pattern approximately matches the pattern noted among activities of 
antioxidant enzymes in Chapter II. In this band, it can be inferred that this pattern of 
differential expression may be that of one or more of the antioxidant enzymes assayed in 
Chapter III (2004). However, since SDS-PAGE is not a conclusive technique to identify 
specific proteins, it was necessary to perform a Western Blot. 
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Figure 3 consists of a Western blot of proteins from SDS-PAGE probed with 
antibodies to MnSOD. Figure 3 is a picture of the first attempt to blot for MnSOD. In 
this figure, it can be seen that every lane displayed at least 5-10 bands. However, due to 
poor resolution of the bands, it was decided to alter the conditions of the Western blot 
slightly. When 6M urea was added to the loading buffer and the gel was transferred 
overnight to the membrane instead of for one hour, bands were sharper than before and 
resolution was improved (Figure 4). In this figure, a band was visible at 35kDa in which 
the Pb lane was visibly darker than the control lane. Chelator (with and without Pb) 
lanes, while darker than the control lane, were still visibly lighter than the Pb lane. The 
pattern of expression observed was similar to the pattern that would be expected based on 
the activities of antioxidant enzymes assayed in Chapter IH Since the expression pattern 
is similar to what would be expected from the activities measured in Chapter HI, and 
since the primary antibody (anti-MnSOD) bound to the protein observed in the band, this 
band can be considered at least a putative SOD band. 
Ideally, in a Western blot, primary and secondary antibodies should bind to only 
one band on the membrane. Due to non-specificity of the antibody used, each lane 
demonstrates the binding of anti-MnSOD antibodies to multiple protein bands. Due to 
non-specificity of antibody used in the Western blot assay, it was not possible to 
specifically determine expression of MnSOD. However, it was possible to say that at 
least in bands at approximately the molecular weight of MnSOD, protein expression 
generally did not demonstrate a visible change on the gel stained with Coomassie blue. 
The gel stained with silver stain presented a different picture, however, presenting a band 
with differential expression indicating the possible presence of an antioxidant enzyme. 
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After transfer and probing with an antibody to MnSOD, the pattern continued, indicating 
that this protein, while not necessarily MnSOD due to non-specific binding of the 
primary antibody, may actually correspond to SOD or some other antioxidant enzyme. 
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Figure 1. SDS-PAGE of Sesbania plant supernatants stained with Coomassie blue 
stain. Due to poor resolution of gel, it was not possible to determine expression of 
antioxidant enzymes of interest in this study. 
I l l 
Figure 2. SDS-PAGE of Sesbania plant supernatants, stained using a SilverSNAP silver 
staining kit. Due to excessive protein in each lane, bands are mostly unremarkable except 
for one band at 35kDa, which exhibits an expression pattern as would be expected from 
earlier activitiy measurements (See Chapter III). 
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Figure 3. First attempt to probe for MnSOD. Membrane was incubated in primary 
antibody for lh. Non-specific binding of primary antibody makes positive identification 
of bands impossible. 
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Figure 4. Second attempt to probe for MnSOD. Overnight incubation in primary 
antibody resulted in improved resolution. Note the presence of a putative SOD band at 
35kDa. However, non-specific binding of primary antibody makes conclusive 
identification of bands impossible. 
Chapter V 
General Conclusion 
The results gathered in these two studies provide evidence that Sesbania 
drummondii has potential to tolerate and remove Pb from soil. The first study yields two 
important results. First, this study indicates that S. drummondii can tolerate up to 10 g/kg 
Pb in soil. Secondly, synthetic chelators can greatly assist uptake and translocation of Pb. 
The second study indicates that S. drummondii is able to protect itself against oxidative 
stress caused by exposure to Pb, primarily through enzymatic defense mechanisms. This 
study provides insights into the mechanisms by which S. drummondii is able to tolerate 
large amounts of Pb in soil or in hydroponic medium. A phytoextraction strategy utilizing 
both a hyperaccumulator with a large biomass and synthetic chelators would prove highly 
effective for removal of Pb from contaminated soils. 
However, despite the positive results obtained in the soil study and in the 
oxidative stress study, results were inconclusive in the antioxidant enzyme expression 
study, primarily due to a lack of specificity in the primary antibody. The non-specificity 
observed was likely due to impurity in the antigen used to produce the antibody. 
However, despite the lack of useful results from this study, it nevertheless provides a 
basis for similar expression studies in the future. Such expression studies could 
incorporate a combination of Western blotting as used in the above-described experiments 
and Northern blotting. 
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The most obvious application for these data and for S. drummondii is that this 
plant can be used in a phytoextraction scheme to remove Pb from contaminated soil. 
There are thousands of contaminated sites around the world; of these, about 40% report 
problems with Pb and other heavy metals. Currently, the most popular method to 
remediate such contamination is to excavate and rebury the contaminated soil. 
Unfortunately, this method is largely ineffective, simply moving the problem from one 
site to another. If plants could be used that accumulate these heavy metal contaminants, 
then it would be more effective, less expensive and more aesthetically pleasing to use 
these plants rather than simply move the contaminated soil. It may even be possible to 
reclaim the metals from the biomass of these hyperaccumulator plants, while at the same 
time using heat generated from the biomass for energy. 
There are a number of directions available for future studies that can follow 
naturally from this research. The most obvious question raised in these studies but not 
fully addressed is that of whether roots or shoots encounter a greater oxidative assault 
upon Pb exposure. Other questions involve the mechanism by which S. drummondii 
accumulates and sequesters Pb. It is not completely clear which cellular compartment is 
the destination for the Pb accumulated by S. drummondii. A sub-cellular fractionation 
study may be useful to resolve this question. In the chapter concerning oxidative stress 
protection in S. drummondii, the possibility was suggested that this plant may use a 
phytochelatin mechanism to protect itself from damage from Pb. However, due to the 
limitations of the studies presented in this thesis, it was not possible to determine whether 
phytochelatin synthesis confers Pb protection to S. drummondii. Since the structures of 
phytochelatins have already been elucidated, a study combining high-performance liquid 
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chromatography, infrared spectroscopy, and magnetic resonance spectroscopy could be 
used to determine whether S. drummondii uses phytochelatins in its Pb sequestration 
mechanism. Generation of gene-knockout S. drummondii seedlings may be helpful to 
elucidate the physiological mechanisms for Pb transport within this plant. These are only 
a few of the directions that research could take in the future in order to further discern the 
mechanisms for Pb uptake and tolerance in S. drummondii. In addition, it has yet to be 
determined whether S. drummondii is able to remove other toxic metals from soil, such as 
cadmium and mercury. Another possibility is a study to determine whether S. 
drummondii is able to germinate in soil contaminated with Pb. The above-mentioned 
studies are only a few possibilities for continued research into heavy metal accumulation 
by S. drummondii. 
